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(54) Mechanical enhancement of dense and porous organosilicate materials by UV exposure 



(57) Low dielectric materials and films comprising 
same have been identified for improved performance 
when used as interlevel dielectrics in integrated circuits 
as well as methods for making same. In one aspect of 
the present invention,. an organosilicate glass film is ex- 



posed to an ultraviolet light source wherein the film after 
exposure has an at least 1 0% or greater improvement 
in its mechanical properties (i.e., material hardness and 
elastic modulus) compared to the as-deposited film. 
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Description 

CROSS-REFERENCE TO RELATED APPLICATIONS 

5 Thi f a , PP !l Ca,i0n is a continuation-in-part of U.S. Patent Application No. 10/379,466, filed 4 March 2003 the 

disclosure of which is incorporated herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

W . 1 J. e , pr ?? ent inVSnti0n re,atSS 9 eneral| y t0 th e formation of dielectric films. More specifically the invention 
relates to delect nc materials and films comprising same having a low dielectric constant anS enhanced mechan ca" 
properties and methods for making same. mecnanicai 

[0003] There is a continuing desire in the microelectronics industry to increase the circuit density in multilevel inte- 

Tort r tol r ? UC H aS ,09iC ChipS t0 impr ° Ve the ° peratin 9 Speed and ^uce XerlluZZ 

t VI J° redUCe thS SiZe ° f d6ViCeS ° n intearate d circuits, the requirements for preventing capac i ive 

crosstalk between the different levels of metallization becomes increasingly important. These requirements can be 
summanzed by the expression "RC". whereby "R" is the resistance of the conductive line and ^1, 3 ^ 
of the insulating die^ctric mterlayer. Capacitance "C" is inversely proportional to line spacing and proportional the 
dielectnc constant (k) of the interlayer dielectric (ILD). Such low dielectric materials are Lirab.e for use for example 
as premetal dielectric layers or interlevel dielectric layers. example, 
[0004] A number of processes have been used for preparing low dielectric constant films. Chemical vapor deposition 
(CVD) and sp.n-on dielectnc (SOD) processes are typically used to prepare thin films of insulating layers Other hybrid 
processes are also known such as CVD of liquid polymer precursors and transport polymerization CVD. A wi d e variety 

maZrf P r it6 f ^ th6Se teChniqU6S been 9enera "y C ' aSSified in cate ^ «* - Purefy inorgS 

materials, ceramic materials, s.l.ca-based materials, purely organic materials, or inorganic-organic hybrids Likewise 
a variety o processes have been used for curing these materials to, for example, decompose and/or 
or UVrdSioT SUbStantia " y Cr ° SS ' ink the ' i,mS ' SUch as heatin 9- *— •* the materials with piasmas, electron befml 

[0005] The industry has attempted to produce silica-based materials with lower dielectric constants by incorporate 
organ.cs or other materials within the silicate lattice. Undoped silica glass (Si02), referred to herein i STxh b ts 
ranSom 0 27 to I f app ™ imate| y 4 0 How -er, the dielectric constant of silica glass can be lowered to a va. e 
ITSl i f " ,nCOrporat,n 9 terminal drou PS such as fluorine or methyl into the silicate lattice These 
fTformfng USG "rns " ~ "™* ^ * e ' C deViCS USi " 9 pr0C6SS ste P s similar toThose 

35 [0 ^° 6 - a,ternative a PP r °ach to reducing the dielectric constant of a material may be to introduce porositv i e 
reducngthedensityofthematerial.Adielectricfilmwhenmade porous may exhbttloJ^diel^a^SSLS^^^ 
to a relatively denser film. Porosity has been introduced in low dielectric materials through a variety of dSenZSns 

£Z a^J; k ? ^ in,r ° dUCed by decom P° si "9 of the film resulting in a'film having po^s and aTwer 
density. Addrt.onal fabrication steps may be required for producing porousfilms that ultimately add both time and enemy 
to the fabrication process. Minimizing the time and energy required for fabrication of these films is desirable Thus 
adlanta"e 9 ou m s ^ * ^ °' a ' tematiVe pr0CeSS6S that minimize ing time Thigh" 

[0007] The dielectric constant (k) of a material generally cannot be reduced without a subsequent reduction in the 
mechan,cal properties, i.e., elastic modulus (Young's modulus), hardness, toughness, of the mater a. Mechanical 
strength ,s needed for subsequent processing steps such as etching, CMP ("Chemical fA^chanlo^S^S^ 
depositing additional layers such as diffusion barriers for copper, copper meta, ("Cu"), and cap layers on the product 
Mechanical mtegnty or stiffness, compressive, and shear strengths, may be particularly important to surTe CMP It 

otherftto h 1 10 SUrViVS CMP 56 C ° rrelated With the e,astic ™ du ' us ° f < he ™teria., along with 

other factors including pohshmg parameters such as the down force and platen speed. See, for example Wanq et a 

Advanced processing: CMP of Cu/Iow-k and Cu/uftra.ow-K layers", Solid State Technology, September' 2001 Lin et 

a Low- k Dielectrics Characterization for Damascene Integration", international Interconnec'Techno.fgy Co^er 

ence, Burlingame, CA, June, 2001 . These mechanical properties are also important in the packaging of the finalproduc 

Because of the trade- off in mechanical properties, it may be impractical to use certain porousTow dielectric compost 

55 [0008] Besides mechanical properties, an additional concern in the production of a low dielectric film may be the 
ZTJTT r , 96t Jf manufaCtUre 0f the IC device "'"he method used extensively in the literature or cTossNnk ng 
a low dielectric film and/or introducing porosity into a film is thermal annealing. In the annealing step, or a curing step 
the film is typically heated to decompose and/or remove volatile components and substantially c oss link the f fm 
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Unfortunately, due to thermal budget concerns, various components of IC devices such as Cu metal lines can only be 
subjected to processing temperatures for short time periods before their performance deteriorates due to undesirable 
diffusion processes. Additional heating and cooling steps also can significantly increase the overall manufacturing time 
for the device, thereby lowering the throughput. 

5 [0009] An alternative to the thermal anneal or curing step is the use of ultraviolet ("UV") light in combination with an 
oxygen-containing atmosphere to create pores within the material and lower the dielectric constant. The references, 
Hozumi, A. et al. "Low Temperature Elimination of Organic Components from Mesostructured Organic-Inorganic Com- 
posite Films Using Vacuum Ultraviolet Light", Chem. Mater. 2000 Vol. 12, pp. 3842-47 ("Hozumi I") and Hozumi, A et 
al., "Micropattterned Silica Films with Ordered Nanopores Fabricated through Photocalcination", NanoLetters 2001 , 1 

10 (8), pp. 395-399 ("Hozumi II"), describe removing a cetyltrimethylammonium chloride (CTAC) pore-former from a tetra- 
ethoxysilane (TEOS) film using ultraviolet ("VUV") light (172 nm) in the presence of oxygen. The reference, Ouyang, 
M., "Conversion of Some Siloxane Polymers to Silicon Oxide by UV/Ozone Photochemical Processes", Chem. Mater. 
2000, 12(6), pp. 1591-96, describes using UV light ranging from 185 to 254 nm to generate ozone in situ to oxidize 
carbon side groups within poly(siloxane) films and form a Si0 2 film. The reference, Clark, T, et al., "A New Preparation 

15 of UV-Ozone Treatment in the Preparation of Substrate-Supported Mesoporous Thin Films", Chem. Mater. 2000, 12 
(12), pp. 3879-3884, describes using UV light with a wavelength below 245.4 nm to produce ozone and atomic oxygen 
to remove organic species within a TEOS film. These techniques, unfortunately, may damage the resultant film by 
chemically modifying the bonds that remain within the material. For example, exposure of these materials to an oxidizing 
atmosphere can result in the oxidation of the C atoms contained therein which has an adverse effect on the dielectric 

20 properties of the material. 

[0010] U. S. Pat. No. 4,603,168 describes cross-linking an alkenyl-organopolysiloxane or organohydrosiloxane film 
by exposure to UV light or electron beam radiation in the presence of heat. The film further includes a dopant such as 
a photosensitizer like benzophenone or a platinum catalyst that is present in small concentrations to initiate and catalyze 
the cross-linking. Likewise, the reference Guo, et al., "Highly Active Visible-light Photocatalysts for Curing Ceramic 

25 Precursor", Chem. Mater. 1998, 10(2), pp. 531-36, describes using a platinum bis(beta-diketonate) catalyst to cross- 
link oligo(methylsilylene)methylene and tetravinylsinlane using UV/visible light. The presence of metal catalysts and 
chromophores would be unsuitable in dielectric films. 

[0011] U. S. Pat. No. 6,284,500 describes using UV light in the 230 to 350 nm wavelength range to photoinitiate 
cross-linking within an organic poiymerfilm formed by CVD or an organosilsiquoxane film formed by spin-on deposition 
30 to improve the adhesion and mechanical properties of the film. The '500 patent teaches that a thermal annealing step 
may be used to stabilize the cross-linked film. 

[0012] Published U. S. patent application No. 2003/054115 (the '115 application) teaches UV curing a porous die- 
lectric material produced by CVD or spin-on deposition methods to produce a UV-cured porous dielectric material 
having an improved modulus and comparable dielectric constant The't 15 application demonstrates that UV exposure 
35 in an 0 2 atmosphere is more effective than UV exposure in a N 2 atmosphere. However the '115 application also 
teaches that the UV cure can generate a notable amount of polar species in the porous dielectric materials. Further, 
the "115 application states that "in all cases a subsequent or possibly concomitant anneal step is necessary in order 
to remove the Si-OH bonds which are typically generated during the UV curing process." 

[0013] U. S. Pat. No. 6,566,278 teaches densifying a carbon-doped, silicon oxide (SiC x Oy) film by exposing the film 
40 to UV radiation. The carbon-doped silicon oxide film is deposited via chemical vapor deposition of an oxygen-supplying 
gas and an organosilane silicon supplying gas. The film is then exposed to UV radiation generated from an excited 
gas species such as xenon, mercury, deuterium, or KrCI 2 . 

[0014] U. S. Pat. Nos. 5,970,384 and 6,168,980 describe exposing a PVD or CVD deposited oxide gate layer to UV 
light in the presence of N20, NH3, or N2H4 at temperatures between 300 and 700°C. The methods described in both 
45 the '384 and '980 patents reduce the C and H impurities within the oxide gate layer and introduce nitrogen near the 
boundary of the material with the silicon substrate. 

[0015] Accordingly, there is a need in the art to provide improved dielectric materials having low dielectric constant 
and sufficient mechanical strength and a method and mixture for making same. Due to thermal budget concerns, there 
is an additional need for a low temperature treatment for the production low dielectric constant materials for integrated 
50 circuits. 

[0016] All references cited herein are incorporated herein by reference in their entirety. 

BRIEF SUMMARY OF THE INVENTION 

55 [0017] The present invention satisfies one, if not all, of the needs of the art by providing a process for improving the 
mechanical properties of an organosilicate glass film. Specifically, in one aspect of the present invention, there is 
provided a process for improving the material hardness and elastic modulus of an organosilicate film comprising: to 
provide the organosilicate film having a first material hardness and a first elastic modulus; and exposing the organo- 
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silicate film to an ultraviolet radiation source within a non-oxidizing atmosphere to provide the organosilicate film having 
a second material hardness and a second elastic modulus wherein the second material hardness and the second 
elastic modulus are at least 10% higher than the first material hardness and the first elastic modulus 
[0018] In another aspect of the present invention, there is provided a chemical vapor deposition process for making 
5 an organosilicate glass film having the formula Si v O w C x H y F 2 , where v + w + x +y+ z = 1 00%, v is from 1 0 to 35 atomic% 
w is from 10 to 65 atomic%, x is from 5 to 30 atomic%, y is from 10 to 50 atomic%, and z is from 0 to 15 atomic% 
compnsing: providing a substrate within a vacuum chamber; introducing at least one chemical reagent comprising a 
structure-former precursor selected from the group consisting of an organosilane and an organosiloxane and a pore- 
former precursor .nto the vacuum chamber; applying energy to the at least one chemical reagent in the vacuum chamber 
to induce reaction of the reagent to deposit an organosilicate film on at least a portion of the substrate and exposing 
the organosilrcate film to an ultraviolet light source within a non-oxidizing atmosohere wherein the material hardnecs 
and the elastic modulus of the organosilicate material after the exposing step are higher than the material hardness 
and the elastic modulus of the organosilicate material before the exposing step and wherein the organosilicate material 
is substantially free of Si-OH bonds. 
'5 [0019] In yet another aspect of the present invention, there is provided a mixture for depositing an organosilicate 
Mm, the mixture comprising at least one structure-former precursor selected from the group consisting of an organosi- 
lane and an organosiloxane wherein the at least one structure-former precursor and/or the organosilicate film exhibits 
an absorbance in the 200 to 400 wavelength range. 

[0020] In an additional aspect of the present invention, there is provided a mixture for depositing an organosilicate 
film comprising from 5 to 95% of a structure-former precursor selected from the group consisting of an organosilane 
and an organosiloxane and from 5 to 95% of a pore-foimer precursor wherein at least one of the precursors and/or 
the organosilicate film exhibits an absorbance in the 200 to 400 nm wavelength range. 

[0021] In a still further aspect of the present invention, there is provided a process for preparing a porous organosil- 
icate film having a dielectric constant of 2.7 or less comprising: forming a composite film comprising a structure-former 
material and a pore-former material wherein the composite film has a first dielectric constant, a first hardness and a 
first material modulus; and exposing the composite film to at least one ultraviolet light source within a non-oxidizinq 
atmosphere to remove at least a portion of the pore-former material contained therein and provide the porous orqa 
nosilicate film wherein the porous organosilicate film has a second dielectric constant, a second hardness and a second 
material modulus and wherein the second dielectric constant is at least 5% less than the first dielectric constant the 
second modulus is at least 10% greater than the first modulus, and the second hardness is at least 10% greater than 
that of the first hardness. 

[0022] These and other aspects of the invention will become apparent from the following detailed description. 
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BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS 



[0023] Figures 1 a through 1 c provides an illustration of the various steps of one embodiment of the present invention 
wherein the exposure to an UV radiation energy source results in the formation of pores within the film 
[0024] Figure 2 compares the relationship between hardness and dielectric constant for as-deposited thermally 
annealed, and UV exposed dense OSG glass films, deposited using a DEMS structure-former precursor at various 
40 processing temperatures. 

[0025 L/ i9 . Ure 3 provides the IR absorption spectrum for an as-deposited, thermally annealed, and UV exposed po- 
rous OSG glass film deposited using a MEDS structure-former precursor and an ATRP pore-former precursor. 
[ °^!L F ' 9Ure 4 provides the UVN absorption spectrum of the as-deposited porous OSG glass film deposited using 
Mquk) trUCtUre " f ° rmerPreCUrSOrand an ATRP P° re - former P recursorandth e UVN absorption spectrum of an ATRP 

[0027] Figure 5 provides the IR absorption spectrum for a porous OSG glass film deposited using a DEMS structure- 
former precursor and an ATRP pore-former precursor before and after UV exposure. 

[0028] Figures 6a and 6b provides the dielectric constant and refractive index versus UV exposure time for films 

P °!f d x US "L 9 3 ° EMS struc,ure - former Precursor and an ATRP pore-former precursor under vacuum atmosphere 
(5 millitorr) and under nitrogen atmosphere, respectively. 

[0029] Figure 7 provides the dielectric constant and hardness (GPa) versus UV exposure time for a film deposited 
mnonf I structure-former precursor and an ATRP pore-former precursor under vacuum atmosphere (5 millitorr) 
[0030] Figure 8 illustrates the changes in the IR absorption spectrum for wavelengths ranging between 700 and 1 350 
cm-1 for a porous OSG glass film deposited using a DEMS structure-former precursor and an ATRP pore-former 
precursor upon UV exposure under a vacuum atmosphere and for a duration ranging from 0 to 20 minutes 
[0031 ] Figure 9 provides the I R absorption spectrum for a porous OSG film deposited using a DEMS structure-former 
precursor and an ATRP pore-former precursor after deposition and after exposure to U V light in a vacuum atmosphere 
for 1 minute and 15 minutes. H 
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[0032] Figure 10 provides the FT-IR absorption spectrum for a porous OSG glass film deposited using a DEMS 
structure-former precursor and an ATRP pore-former precursor after deposition and after exposure to UV light and air 
for 5 minutes. 

[0033] Figures 11a, 11b. and 11c provide the dynamic SIMS depth of profile measurements of silicon, oxygen, hy- 
5 drogen, and carbon for a porous OSG film deposited using a DEMS structure-former precursor and an ATRP pore- 
former precursor after deposition and after exposure to UV light in a vacuum atmosphere for 1 minute and 15 minutes, 
respectively. 

DETAILED DESCRIPTION OF THE INVENTION 

w 

[0034] The present invention is directed towards the preparation of a dense or a porous organosilicate (OSG) glass 
material and film having a low dielectric constant but sufficient mechanical properties to make the film suitable for use, 
for example, as an interlayer dielectric in integrated circuits. The organosilicate glass film of the present invention is 
deposited via chemical vapor deposition of at least one structure-former precursor from the group consisting of an 

'5 organosilane or an organosiloxane. The deposited organosilicate film is then exposed to an ultraviolet (UV) radiation 
source to improve the mechanical properties, i.e., material hardness and elastic modulus (Young's modulus) of the as- 
deposited film while substantially maintaining the dielectric constant of the material. In embodiments wherein the or- 
ganosilicate film is deposited via chemical vapor deposition of a structure-former and a pore-former precursor to provide 
a porous organosilicate film, the mechanical properties of the porous organosilicate film are improved after UV exposure 

20 while the dielectric constant is reduced. Unlike other processes, the UV exposure step may, in some instances, obviate 
the need for a thermal annealing. 

[0035] While not intending to be bound by theory it is believed that the as-deposited organosilicate films formed by 
chemical vapor deposition contain lattice imperfections such as, for example, dangling groups that are not incorporated 
into the film network. In other organosilicate films, these lattice imperfections may be hydrogen bonded to the silica 

25 framework as Si-H. In these films, the Si-H bonds are generally not broken until the material is heated to approximately 
525°C, which exceeds the temperature range in which organosilicate films can typically be exposed to (i.e., 425°C or 
below). Thus, thermal treatments of these films to remove Si-H may not be possible. Exposure of the organosilicate 
film to a UV light source, particularly combined with the application of a heat or other energy source during at least a 
portion of the exposure step, removes at least a portion of these dangling groups or the Si-H bonds and may "perfect" 

30 the film network. The composition of the as-deposited film and the post-UV exposed film is substantially the same. 
However, the mechanical properties of the UV exposed film, such as the hardness and elastic modulus, is at least 1 0% 
greater, preferably 25%, and more preferably 100% greater, than the mechanical properties of the as-deposited film. 
Further, the dielectric constant of the UV-exposed organosilicate film is substantially the same as, or in the case of 
porous organosilicate films, at least 5% less than, the dielectric constant of the as-deposited film. It is thus surprising 

35 and unexpected to produce low dielectric materials having enhanced mechanical properties at relatively low temper- 
atures. 

[0036] The organosilicate glass material is preferably a film that is formed onto at least a portion of a substrate. . 
Suitable substrates that may be used include : but are not limited to, semiconductor materials such as gallium arsenide „ 
("GaAs"), boronitride ("BN") silicon, and compositions containing silicon such as crystalline silicon, polysilicon, amor- 

40 phous silicon, epitaxial silicon, silicon dioxide ("Si02"), silicon carbide ("SiC"), silicon oxycarbide ("SiOC"), silicon nitride 
("SiN"), silicon carbonitride ("SiCN"), organosilicate glasses ("OSG"), organofluorosilicate glasses ("OFSG"), fluorosil- 
icate glasses ("FSG"), and other appropriate substrates or mixtures thereof. Substrates may further comprise a variety 
of layers to which the film is applied thereto such as, for example, anti reflective coatings, photoresists, organic poly- 
mers, porous organic and inorganic materials, metals such as copper and aluminum, or diffusion barrier layers, e.g., 

45 TiN, Ti(C)N, TaN, Ta(C)N, Ta, W, WN, TiSiN, TaSiN, SiCN, TiSiCN ! TaSiCN, or W(C)N. The organosilicate glass films 
of the present invention are preferably capable of adhering to at least one of the foregoing materials sufficiently to pass 
a conventional pull test such as an ASTM D3359-95a tape pull test. 

[0037] The organosilicate film of the present invention may be a dense or a porous film. A dense organosilicate film 
has a density that may range from about 1 .5 g/cm 3 to about 2.2 g/cm 3 . These films are typically deposited from at least 

50 one structure-former precursor, preferably an organosilane or organosiloxane precursor. 

[0038] In other embodiments of the present invention, the organosilicate film is a porous or composite film. These 
films are typically comprised of at least one structure-former material and at least one pore-former material and are 
deposited by at least one structure-former precursor and at least one pore-former precursor. The at least one pore- 
former material may be dispersed within the structure-former material. The term "dispersed" as used herein includes 

55 discrete areas of pore-former material, air-gap (i.e., relatively large areas of pore-former material contained within a 
structure-formershell), or bicontinuous areas of the structure-former and the pore-former materials. While not intending 
to be bound by theory, it is believed that the porous organosilicate film, when exposed to one or more energy sources, 
adsorbs a certain amount of energy to enable the removal of at least a portion of the pore-former material from the as- 



5 

BNSDOCID: <BP 1457S83A2 I > 



EP 1 457 583 A2 



10 



15 



20 



25 



30 



35 



40 



45 



55 



deposited film while eavmg the bonds within the structure-former material intact. Depending upon the energy source 
thlr I', T' ' V . 0f 6 pore - former material, the chemical bonds within the pore-former material may be broken 
hereby facl.tatmg its removal from the material. In this manner the pore-former material may be substantially removed 
from he organosilicate film thereby leaving a porous film that consists essentially of the structure-former material The 

■ZfrtW-T 8 ° rg r n ° t Si " Ca,e fi,m - after exposure to one °r m^e energy sources, may exhibit a lower density and 
lower dielectric constant than the as-deposited film. 

77 ° r 9 anosi '; cate 9'ass (OSG) film of the present invention comprises a structure-former material that is 
luuZ Tr , 9 ? main,ainin 3 an interconnecting network. Examples of the organosilicate glass films and the 

structure-former material contained therein include, but are not limited to, silicon carbide (SiC) hydroqenated sHicon 

TTuu^S^r °%TJ? e (Si:0:C) ' silicon oxynitride < Si: °' N) - siiicon ^ ?^SZS£ s 

C N), fluorosilicate glass (S,:0:F), organofluorosilicate glass (Si:0:C:H:F), organosilicate glass (Si:0:C:H), diamond- 
like carbon, borosil.cate glass (Si.O:B:H), or phosphorous doped borosilicate glass (Si O B H P) 
[0040] In certain preferred embodiment, the structure-former material comprises a silica compound The term "silica" 

butn'on^; ' S f h mat ? ria ' th9t SiMCOn (S ° 0Xy9en (0) a,0mS ' and D0SSib| y additional substituents such as,' 
but not limited to, other elements such as C, H, B, N, P, or halide atoms; alkyl groups; or aryl groups. In certain preferred 
embedments, the structure-former materia, may comprise an OSG compound represented by the formula S o c 

^ m TnT^ +X+y t Z=1 ° 0% ' V iS fr ° m 1 ° l ° 35 at ° miC% ' W iS from 1 0 to 65 at0 ™%, * is f rom 5 to 30 atomic% "y 
. from 1 0 to 50 atom,c% and z is from 0 to 1 5 atomic%. Regardless of whether or not the structure-former is unchanged 

throughout the inventive process, the term "structure-former" as used herein is intended to encompass structure-foTm- 
ng , reagents or precursors (or structure-forming substituents) and derivatives thereof, in whatever forms they are found 

throughout the entire process of the invention. 

[0041] In embodirnents wherein the organosilicate film is porous, the organosilicate film comprises at least one pore- 

s 0 riT te " t0 , S,rUC,Ure -' omler materiaL The Pore-former material comprises a compound Jthat 

is capable of be.ng easily and preferably substantially removed from the organosilicate film upon exposure to one or 
more energy sources. The pore-former material may a.so be referred to as a porogen. A "pore-former", as used herein 
is a reagent that is used to generate void volume within the resultant film. Regardless of whether or not the pore-former 
s unchanged throughout the inventive process, the term "pore-former" as used herein is intended to encompass pore- 
hrT.nh re ft 9 h e °J preCUrSOrs (or Pore-forming substituents) and derivatives thereof, in whatever forms they are found 
are noMimi ^ T h inVenti ° n ' SUitab ' 6 com ? M to be °* Pore-former precursors include, but 

hvLr h 3hl hydr ° Carb0n matena,s ' labi,e or^nic groups, decomposable polymers, surfactants, dendrimers, 
hyper-branched polymers, polyoxyalkylene compounds, or combinations thereof 

[0042] As mentioned previously, the organosilicate films are deposited onto at least a portion of a substrate from a 
precursor composition or mixture using a variety of different methods. These methods may be used by themselves^ 

herm^'T T™ "T^ " Pr ° CeSSeS ** be USed t0 form the organosi.icate film include the foHowfng 
thermal chemical vapor deposition, plasma enhanced chemical vapor deposition ("PECVD") high density PECVD 

SeooXnT m CVD ' t P,aSma - p r° t0n assisted CVD ' oryogenic chemica, v'apor deposition, cLmicafassld I vapor 
deposition, hot-f,lament chemical vapor deposition, photo initiated chemical vapor deposition, CVD of a liquid polymer 
precursor, deposit.on from supercritical fluids, or transport polymerization ("TP"). U. S. Pat. Nos 6 1 71 945 6 054 206 

no22 1 1 6 ''?*? 71 W ° " /41423 Pr ° Vide S ° me eXemp,a ^ CVD methods tnat ma y be use t torn ^ga 
nosilicate film of the present invention. In certain preferred embodiments, the deposition is conducted at a tempera uTe 
ranging from 1 00 to 425°C, preferably from 250 to 425°C. A.though the chemical reagents used herein mayTe some 
times described as "gaseous", it is understood that the chemica. reagents may be delivered dire^ asTgJs toThe 

0043, TUT "h* T°H riZed NqUid ' 3 SUb ' imed SONd and/ ° r tra ^Ported by an inert carrier gas into the reactor. 
ESSrt h P 7 embodiments of the present invention, the organosi.icate film is formed through a p.asma-en- 
hanced chemical vapor deposition process. Brief.y in a PECVD process, chemica. reagents are f.owed into a reactbn 
chamber such as a vacuum chamber and plasma energy energizes the chemica. reagents thereby forming a film on 
a least a portion of the substrate. In these embodiments, the organosi.icate fi.m can be formed by the co-deposln 

0 alternatively the sequential deposition, of a gaseous mixture comprising at least one si.ica containing, prefer^ 

that Z^h" ? ' 5 Structu re-former materia, with at least one plasma-polymerizab.e organic materia" 

rom 0T2 tl 7 ° rmSr matena [ " C6rtain emb0di ments, the p.asma energy applied to the reagents may range 

ITnnn t h ' ^ preferab 'y 0 3 t0 3 watts/cm? Row rates for each of the reagents may range from To 

1 PPrvn ° U f ,L C Cent ' meterS Per minute < scc m>- Pressure values in the vacuum chamber during deposition for 
a PECVD process of the present invention may range from 0.01 to 600 torr, more preferably 1 to 1 0 torr. It is understood 
facToT^h pr t ° h CeSS Parameters such as plasma energy, f.ow rate, and pressure may vary depending upon numerous 
^^1^^^ ^ SUbStrat6 ' ^ f0 -or and pore-former precursors used, the equipment 

esstnliaNv of TTn ' M erre H emb ° di : er : t ° f ,he P resen t invention wherein the organosilicate glass film consists 
essentially of Si, C, O, H, and optionally F, the film is formed by providing a substrate within a vacuum chamber; 
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introducing into the vacuum chamber chemical reagents that comprise at least one structure-former precursor selected 
from the group consisting of an organosilane and an organosiloxane, and optionally a pore-former precursor distinct 
from the at least one structure-former precursor; and applying energy to the reagents in said chamber to induce reaction 
of the reagents and to form the film on the substrate. Examples of chemical reagents used as structure-former and 
5 pore-former precursors may be found in pending U. S. Patent Applications Attorney Docket Nos. 06063USA, 
06274PUSA, 06150USA, and 06336PUSA, which are commonly assigned to the assignee of the present invention 
and incorporated herein by reference in its entirety. 

[0045] Silica-containing compounds such as organosilanes and organosiloxanes are the preferred precursors to 
form the structure-former material of the organosilicate glass film. Suitable organosilanes and organosiloxanes include, 

10 e.g.: (a) alkylsilanes represented by the formula R 1 n SiR 2 4 . n , where n is an integer from 1 to 3; R 1 and R 2 are inde- 
pendently at least one branched or straight chain to C 8 alkyl group (e.g., methyl, ethyl), a C 3 to C 8 substituted or 
unsubstituted cycloalkyl group (e.g. , cyclobutyl, cyclohexyl), a C 3 to C 10 partially unsaturated alkyl group (e.g., propenyl, 
butadienyl), a C 6 to C 12 substituted or unsubstituted aromatic (e.g., phenyl, tolyl), a corresponding linear, branched, 
cyclic, partially unsaturated alkyl, or aromatic containing alkoxy group (e.g., methoxy, ethoxy, phenoxy), and R 2 is 

75 alternatively hydride (e.g., methylsilane, dimethylsilane, trimethylsilane, tetramethylsilane, phenylsilane, methylphe- 
nylsilane, cyclohexylsilane, tert-butylsilane, ethylsilane, diethylsilane, tetraethoxysilane, dimethyldiethoxysilane, 
dimethyldimethoxysilane, dimethylethoxysilane, methyltriethoxysilane, methyldiethoxysilane, triethoxysilane, trimeth- 
ylphenoxysilane and phenoxysilane); (b) a linear organosiloxane represented by the formula R 1 (R 2 2 SiO) n SiR 2 3 where 
n is an integer from 1 to 10, or a cyclic organosiloxane represented by the formula (R 1 R 2 SiO) n where n is an integer 

20 from 2 to 10 and R 1 and R 2 are as defined above (e.g., 1 ,3,5,7-tetramethylcyclotetrasiloxane, octamethylcyclotetrasi- 
loxane, hexamethylcyclotrisiloxane, hexamethyldisiloxane, 1 ,1 ,2,2-tetramethyldisiloxane, and octamethyltrisiloxane); 
and (c) a linear organosilane oligomer represented by the formula R 2 (SiR 1 R 2 ) n R 2 where n is an integer from 2 to 10, 
or cyclic organosilane represented by the formula (SiR 1 R 2 ) n , where n is an integer from 3 to 1 0, and R 1 and R 2 are as 
defined above (e.g., 1 ,2-dimethyldisilane, 1,1 ,2,2-tetramethyldisilane, 1 ,2-dimethyl-1 ,1 ,2,2-dimethoxydisilane, hexam- 

25 ethyldisilane, octamethyltrisilane, 1 , 2,3,4,5, 6-hexaphenylhexasilane, 1 ,2-dimethyl-1 ,2-diphenyldisilane and 1 ,2-diphe- 
nyldisilane). In certain embodiments, the organosilane/organosiloxane is a cyclic alkylsilane, a cyclic alkylsiloxane, a 
cyclic alkoxysilane or contains at least one alkoxy or alkyl bridge between a pair of Si atoms, such as 1 ,2-disilanoethane, 
1 ,3-disilanopropane, dimethylsilacyclobutane, 1 ,2-bis(trimethylsiloxy)cyclobutene, 1 ,1-dimethyl-1-sila-2 : 6-dioxacy- 
clohexane, 1 ,1 -dimethyl-1 -sila-2-oxacyclohexane, 1 ,2-bis(trimethylsiloxy)ethane, 1 ,4-bis(dimethylsilyl)benzene, oc- 

30 tamethyltetracyclosiloxane (OMCTS), or 1 ,3-(dimethylsilyl)cyclobutane. In certain embodiments, the organosilane/or- 
ganosiloxane contains a reactive side group selected from the group consisting of an epoxide, a carboxylate, an alkyne, 
a diene. phenyl ethynyl, a strained cyclic group and a C 4 to C 10 group which can stericaUy hinder or strain the orga- 
nosilane/organosiloxane, such as trimethylsilylacetylene, 1 -(trimethylsilyl)-l ,3-butadiene, trimethylsilylcyclopentadi- 
ene, trimethylsilylacetate, and di-tert-butoxydiacetoxysilane. 

35 [0046] In certain embodiments, the at least one structure-former material further comprises fluorine. Preferred fluo- 
rine-providing chemical reagents for a PECVD-deposited organosilicate film lack any F-C bonds (i.e., fluorine bonded 
to carbon), which could end up in the film. Thus, preferred fluorine-providing reagents include, e.g., SiF 4 , NF 3 , F 2 , HF, . 
SF 6 , CIF 3 , BF 3 , BrF 3 , SF 4 , NF 2 CI, FSiH 3 , F 2 SiH 2 , F 3 SiH, organofluorosilanes and mixtures thereof, provided that the /,. 
organofluorosilanes do not include any F-C bonds. Additional preferred fluorine-providing reagents include the above 

40 mentioned alkylsilanes, alkoxysilanes, linear and cyclic organosiloxanes, linear and cyclic organosilane oligomers, 
cyclic or bridged organosilanes, and organosilanes with reactive side groups, provided a fluorine atom is substituted 
for at least one of the silicon substituents, such that there is at least one Si-F bond. More specifically, suitable fluorine- 
providing reagents include, e.g., fluorotrimethylsilane, difluorodimethylsilane methyltrifluorosilane, flurotriethoxysilane, 
1 ,2-dif1uoro-1 ,1 ,2,2,-tetramethyldisilane, or difluorodimethoxysilane. 

45 [0047] In certain preferred embodiments, the mixture used to form the organosilicate film preferably comprises a 
silica source that may form the structure-former material. A "silica source", as used herein, is a compound having 
silicon (Si) and oxygen (O), and possibly additional substituents such as, but not limited to, other elements such as H, 
B, C, P, or halide atoms; alkyl groups; or aryl groups. The term "alkyl" as used herein includes straight chain, branched, 
or cyclic alkyl groups, preferably containing from 1 to 24 carbon atoms, or more preferably from 1 to 13 carbon atoms. 

so This term applies also to alkyl moieties contained in other groups such as haloalkyl, atkaryl, or aralkyl. The term "alkyl" 
further applies to alkyl moieties that are substituted. The term "aryr as used herein includes six to twelve member 
carbon rings having aromatic character. The term "aryl" also applies to aryl moieties that are substituted. The silica 
source may include materials that have a high number of Si-O bonds, but can further include Si-O-Si bridges, Si-R-Si 
bridges, Si-C bonds, Si-F bonds, Si-H bonds or a portion of the material can also have C-H bonds. Other examples of 

55 a silica source may include a fluorinated silane or fluorinated siloxane such as those provided in U. S. Pat. No. 
6,258,407. Another example of a silica source may include compounds that produce a Si-H bond upon removal of the 
pore-former material. 

[0048] Still other examples of silica sources include silsesquioxanes such as hydrogen silsesquioxanes (HSQ, 
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HSiO! s ) and methyl silsesquioxanes (MSQ, RSiO, 5 where R is a methyl group). 

[0049] Further examples of the suitable silica sources include those described in U S Pat No 6 271 273 and EP 
Nos. 1 088.868; 1,123,753, and 1 .127,929. In preferred embodiments, the silica source may be a compound repre- 
sented by the following: R a Si(ORi) 4 . a , wherein R represents a hydrogen atom, a fluorine atom, or a monovalent organic 
group; Ri represents a monovalent organic group; and a is an integer of 1 or 2; Si(OR2) 4 where R* represents a 
monovalent organic group: or R 3 b (R 4 0) 3 . b Si-(R7) d -Si(OR5) 3 . c R6 ci wher ein R3 to R6 may be the same or different and 
each represents a monovalent organic group; b and c may be the same or different and each is a number of 0 to 2 
represents an oxygen atom, a phenylene group, or a group represented by - (CH 2 ) n , wherein n is an integer of 1 
to 6; d is 0 or 1; or combinations thereof. The term "monovalent organic group" as used herein relates to an organic 
group bonded to an element of interest, such as Si or O, through a single C bond i e Si-C or O-C 
[0050] In embodiments wherein a porous OSG film is formed, at least one of the gaseous reagents is a pore-former 
precursor. The pore-former precursor is preferably deposited in the same manner as the structure-former precursoT. 

.! P° re - former Precursorcan be deposited, for example, in a mixture with the structure-former precursor, co-deposited 
w.th the structure-former precursor, or deposited in an alternating fashion with the structure-former precursor In sub- 
sequent process steps, the pore-former precursor is used to generate void volume within the resultant porous film upon 
its removal. The pore-former in the porous OSG film may or may not be in the same form as the pore-former wimin 
he mixture and/or introduced to the reaction chamber. As well, the pore-former removal process may liberate the pore- 
former or fragments thereof from the film. In essence, the pore-former reagent (or pore-former substituent attached to 
the precursor), the pore-former in the organosilicate film, and the pore-former being removed may or may not be the 
rnZ e J P T eS ' alth ° U9h il iS preferable that the V a " ori 9 in ate from the pore-former reagent (or pore-former substituent) 
[0051] In certain embodiments of the present invention, the pore-former may be a hydrocarbon compound, preferably 
having from 1 to 13 carbon atoms. Examples of these compounds include, but are not limited to, alpha-terpinene 
imonene cyclohexane. gamma-terpinene, camphene, dimethylhexadiene, ethylbenzene, norbomadiene cyclopen- 
tene oxide, 1 ,2,4-tnmethylcyclohexane, 1 ,5-dimethyM ,5-cyclooctadiene, camphene, adamantane, 1 3-butadiene 
substituted dienes, alpha-pinene, beta-pinene, and decahydronaphthelene. 

[0052] In certain embodiments of the present invention, the pore-former may include labile organic groups When 
some labile organic groups are present in the reaction mixture, the labile organic groups may contain sufficient oxygen 
to convert to gaseous products during the cure step. In yet other embodiments of the present invention a film is de- 
posited via CVD from a mixture comprising the labile organic groups with a peroxide compound followed by thermal 
annealing. Some examples of compounds containing labile organic groups include the compounds disclosed in U S 
Pat. No. 6,171,945, which is incorporated herein by reference in its entirety. 
[0053] The pore-former could also be a decomposable polymer. The decomposable polymer may be radiation de- 
composable. The term "polymer, as used herein, also encompasses the terms oligomers and/or copolymers unless 
expressly stated to the contrary. Radiation decomposable polymers are polymers that decompose upon exposure to 
radiation, e.g., ultraviolet, X-ray, electron beam, or the like. Examples of these polymers include polymers that have 
an architecture that provides a three-dimensional structure such as, but not limited to, block copolymers i e diblock 
tnblock and multiblock copolymers; star block copolymers; radial diblock copolymers; graft diblock copolymers' cograft- 
ed copolymers; dendrigraft copolymers; tapered block copolymers; and combinations of these architectures' Further 
examples of degradable polymers are found in U. S. Pat. No. 6 ; 204,202, which is incorporated herein by reference in 
its ©nxir©ty. 

[0054] Thepore-fomiermaybeahyperbranchedordendrimericpolymer.Hyperbranchedanddendrimericpolymers 
generally have low solution and melt viscosities, high chemical reactivity due to surface functionality, and enhanced 
so ubility even at higher molecular weights. Some non-limiting examples of suitable decomposable hyper-branched 
^Tri 3 ^ dendrimers are P rovided in "Comprehensive Polymer Science", 2nd Supplement, Aggarwal, pp 71 -1 32 
(1996) which is incorporated herein by reference in its entirety. 

[0055] In certain embodiments of the present invention, a single compound may function as both the structure-former 
and pore-former within the porous OSG film. That is, the structure-former precursor and the pore-former precursor are 
not necessarily different compounds, and in certain embodiments, the pore-former is a part of (e.g., covalently bound 
to) the structure-former precursor. Examples of these materials may be found, for example, in pending U S Patent 
Applications, Attorney Docket Nos. 06150USA and 06274PUSA, that are commonly assigned to the assignee of the 
present invent.on and incorporated herein by reference in its entirety. For example, it is possible to use 1 -neohexv)- 
1,3 S^-tetramethyi-cyciotetrasiJoxane ("neohexyl TMCTS") as a single species, whereby the TMCTS portion of the 
molecule forms the base OSG structure and the bulky alkyl substituent neohexyl is the pore-former species which is 
removed, for example, during the anneal process. Having the pore-former attached to a Si species that will network 
into the OSG structure may be advantageous in achieving a higher efficiency of incorporation of pore-former into the 
film during the deposition process. Furthermore, it may also be advantageous to have two pore-formers attached to 
one Si in the precursor, such as in di-neohexyl-diethoxysilane, or two Si's attached to one pore-former such as in 
1 ,4-b.s(diethoxysilyl)cyclohexane. While not intending to be bound by theory, the reaction of one Si-pore-former bond 
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in the plasma may enable the the incorporation of the second pore-former group into the deposited film. 
[0056] In certain embodiments of the materials in which a single or multiple pore-former is attached to silicon, it may 
be advantageous to design the pore-former in such a way that when the film is cured to form the pores, a part of the 
pore-former remains attached to the silicon to impart hydrophobicity to the film . Under proper conditions this it is believed 
5 that this would leave a terminal -CH 3 group bonded to the Si to provide hydrophobicity and a relatively lower dielectric 
constant to the film. Examples of precursors are neopentyl triethoxysilane, neopentyl diethoxy silane, and neopentyl 
diethoxymethylsilane. 

[0057] In certain embodiments of the present invention, an additional reagent such as a reducing agent may be 
added to the environment during the pore-former removal process. The additional reagent may be added to enhance 

10 the removal of the one or more pore-former materials from the organosilicate film. 

[0058] Figures 1a through tc provide an illustration of one embodiment of the method of the present invention for 
forming a porous OSG film. Referring to FIG. 1a, a film 100 is formed upon at least a portion of a substrate 50. Film 
100 comprises at least two materials: at least one structure-former material 110 and at least one pore-former material 
1 20 dispersed within the structure-former material 1 1 0. In certain preferred embodiments, the structure-former material 

15 11 0 is a compound containing primarily Si:0:C:H and the at least one pore-former material 1 20 is an organic compound 
containing primarily C:H. In FIG. 1b, film 100 is exposed to one or more energy sources such as ultraviolet light 130. 
The exposure step depicted in FIG. 1 b may be conducted at one or more temperatures below 425°C and for a short 
time interval thereby consuming as little of the overall thermal budget of substrate 50 as possible. Referring now to 
FIG. 1 c, the pore-former material 120 is substantially removed from film 100 leaving a porous OSG film 140. The 

20 resultant porous film 1 40 will have a lower dielectric constant, at least 5% or less than, and a higher material hardness 
and modulus, at least 10%, preferably at least 25% or greater than the dielectric constant, material hardness and 
modulus of the as-deposited film 100 prior to exposure. 

[0059] As mentioned previously, the dense or porous OSG film is exposed to one or more ultraviolet light sources 
ranging from 200 to 400 nm to enhance the mechanical properties of the film. This exposure step can be in lieu of, or 
25 in addition to, an annealing step. The temperature that the substrate is subjected to during exposure to an ultraviolet 
light source typically ranges from between 25 to 425°C. The dielectric constant of the structure-former material(s) 
remains essentially the same by the exposure to the ultraviolet light source. 

[0060] The organosilicate film may be exposed to one or more wavelengths within the ultraviolet spectrum or one or 
more wavelengths within the ultraviolet spectrum such as deep ultraviolet light (i.e., wavelengths of 280 nm or below) 

30 or vacuum ultraviolet light (i.e., wavelengths of 200 nm or below). The ultraviolet light may be dispersive, focused, 
continuous wave, pulsed, or shuttered. Sources for the ultraviolet light include, but are not limited to, an excimer laser, 
a barrier discharge lamp, a mercury lamp, a microwave- generated UV lamp, a laser such as a frequency doubled or 
frequency tripled laser in the IR or visible region, or a two-photon absorption from a laser in the visible region. The 
ultraviolet light source may be placed at a distance that ranges from 50 milli-inches to 1 ,000 feet from the organosilicate 

35 film. 

[0061] In certain preferred embodiments, the exposure step is conducted in a non-oxidizing atmosphere such as an 
inert atmosphere (e.g., nitrogen, helium, argon, xenon : krypton, radon, etc.), a reducing atmosphere (e.g., H 2 , CO), or 
vacuum. It is believed that the presence of oxygen during the exposure step may substantially modify the structure 
forming material(s) of the film and/or increase the dielectric constant of the film. Further, it is believed that the presence 
40 of oxygen may interfere with the removal of the pore-former precursor in embodiments where a porous OSG film is 
formed. 

[0062] The organosilicate film may be exposed to one or more specific wavelength within the UV light source or a 
broad spectrum of wavelengths. For example, the composite film may be exposed to one or more particular wavelengths 
of light such as through a laser and/or optically focused light source. In the latter embodiments, the radiation source 

45 may be passed through optics such as lenses (e.g., convex, concave, cylindrical, elliptical, square or parabolic lenses), 
filters (e.g., RF filter), windows (e.g., glass, plastic, fused silica, synthetic silica, silicate, calcium fluoride, lithium fluoride, 
or magnesium fluoride windows) or mirrors to provide specific and focused wavelengths of light. In these embodiments, 
a non-reactive gas may be flowed over the optics during at least a portion of the exposing step to prevent the formation 
of build-up on the surface of the optics formed by off-gassing during the pore-formation step. Alternatively, the radiation 

50 source does not pass through any optics. 

[0063] In certain embodiments, the ultraviolet light source is passed through optics to keep the temperature of the 
substrate relatively low during the exposing step by adjusting the ultraviolet light to a particular wavelength. For exam- 
ple, Figure 4 provides the UV/visible light absorption spectrum of an as-deposited film deposited from a OEMS structure- 
former precursor and an ATRP pore-former precursor and the UV/visible light absorption spectrum of an ATRP liquid. 

55 The spectrum shows a peak at a wavelength of 265 nm, which relates to the presence of C-C bonds within the film. 
Providing a focused UV light source in the 265 nm wavelength range may remove the ATRP pore-former in less time 
and at a lower substrate temperature. Specific temperature and time durations for the exposure step may vary de- 
pending upon the chemical species used to form the organosilicate film. In certain preferred embodiments, the exposure 
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6 n , , J*' a ' 3 tem P era,ure below about 425°C, preferably below about 300°C. and more preferably below 
K°s and mor. JJZn "VT !f Cond f ed for a time of about 60 or less, preferab.y about 1 0 minutes or 

5 th- « h , f P h referab ' y about 1 0 seconds or less - ln certain embodiments of the present invention, the temperature 
of the substrate having the OSG film deposited thereupon ranges from 25 to 425°C, preferably 250 to 425°C In these 
embodiments, the substrate may be placed on a heated platform, platen or the like 

om^I,ii h l e ,n P °!, Ure S ? T ^ C ° ndUCted in 8 VariSty ° f SettingS de P endin 9 "P°n the process used to form the 
organos.Hcate f Im. It may be advantageous for the exposure step to be conducted after or even during at least a portion 

t^ZZS** I" ,0rma,i °; H Step The e *e° sure ste P b e performed in various settings'such as but "ot 
hm ted to, quartz vessel, a modified deposition chamber, a conveyor belt process system, a hot plate, a vacuum cham- 

£L« xu ' 8 S ' n9le W8fer instrument ' a batch Processing instrument, or a rotating turnstile 
[0065] The organosilicate film of the present invention may be further subjected to other post deposition steps such 

not ^be limited to a-pamcles, P -part.cles, r rays, x-rays, high energy electron, electron beam sources of energy ultra- 
v.olet (wavelengths ranging from 10 to 400 nm), visible (wavelengths ranging from 400 to 750 nm) infrared (wave- 
lengths ranging from 750 to 10* nm), microwave frequency (> 10* Hz), radio-frequency (> 

the treatment step may be performed prior to, or during, at least a portion of the exposing step. The treatment step 
Z LhT r 'T aSe me n 9ChaniCal in,e9rity ° f materia ' "* f ° r eXamp,e ' P romotin 9 cros's-linLg with" he porous 

*> tnT'removLTo tLT'f ' and/ ° r rem ° Ve additi ° na ' ChemiCa ' SpedeS fr ° m the nelWork durin 9 «* leasl a P-Slon of 
*v tne removal of the pore-former precursor. 

™1 °l m °, re ener9y SOUrC6S Can inC ' Ude any ° f the ener 9y sources disclosed herein as well as thermal 

S „ " 8 k T" 1 ° Ven ' ' UmaCe - RTA (rapW th6rmal aflneali "9). infrarad radiation sources, and the .ike In 
oortfon o thTuv ^ emb0dlmen,S ' th f ,r r tmem StSp iS COnduCted usin 9 thermal •n«By prtorto and/or during at least a 
poruon of the UV exposure step. In these embodiments, the mechanica. properties of the film may be substantially 
increased in comparison to thermal annealing and/or UV exposure alone 

IS t" t an °!!r« r emb ° diment of the P resent invention, the treatment step may be conducted using UV light This 
mlnf, 1 h m , ,he UV 6XPOSUre St6P that the expOSure ste P ^bstantiany removes the pore-former 

mihTn 7 ° r9anOS '* Cate f,lm 10 prOVlde a borous film and the treatment step may for examp.e, improveThe 
mechamca. properties of the Hn such as hardness and modulus. For examp.e, the UV exposure step may occur for 
a durat-on ranging from about 0.1 to about 5 minutes, preferably about 0.1 to about 1 minute, to substantial remove 
hepore-fomnermaterialcontainedthereinandprovidetheporous OSG film;theUV treatment step may occur thereafter 

and I UV ^al^t 9 ? ° m 3b K° Ut 1 * ab ° Ut 20 minUt6S ' Preferabfy ab0ut 5 10 about 20 minu ^- Both UV exposure 
1 UV eatm nl ftfPs may be conducted using the same lamp, purge gas chemistry, and/or chamber to improve 

X 'St " ,h ? e emb0diments ' furtber Post-treatment steps, such as treatment with other energy Z Jr7es 
and/or chemical treatments, may also be conducted. 

can be conducted under high pressure or under a vacuum ambient. The environment can be inert (e.g nitrogen CO, 
noble gases (He, Ar, Ne, Kr, Xe), etc.), oxidizing (e.g., oxygen, air, dilute oxygen environments, enrfched oxyqe^ , en 
v.ronments, ozone, nitrous oxide, etc.) or reducing (dilute or concentrated hydrogen, hydrocarbons (saturated unsatu- 
rated, linear or branched, aromatics), etc.). The pressure is preferab.y about 1 Torr to about 1 000 iH^SX, 
atmospheric pressure^ However, a vacuum ambient is a.so possib.e for therma. energy sources as wel^s anl o2 
post-treating means. The temperature may range from 25 to 450°C, preferably from 200 to 450»C The temperature 

sas z n ° 1 to 100 de9 ° c/min - The tota - — *~ ^ — «-* °- - 

45 [0069] In certain embodiments of the present invention, the OSG film may be subjected to a chemical treatment that 
may include for example, the use of f.uorinating (HF, SiF 4 , NF 3 , F 2 , COF 2 , C0 2 F 2 etc.), oxidizTg (S 2 o oTetc) 
chem,ca, drying, methylating, or other chemical treatments. Chemicals used in such treatments can be n so Illiquid 
film Th 7 Z " SUperCr ^ Cal f ' Uid States - ,n certain embodiments, supercritical fluid treatment may be used to treat the 
film. The flu,d can be carbon dioxide, water, nitrous oxide, ethylene, SF 6 , and/or other types of chemicals Other chem 
not'" t ! t0 ' he -P ercritica > ^ to enhance the process. The chemicals can be inert (e.g., nitrogen CO, 
co^t fV . ^ ^ XS) ' 6tC ) ' ° XidiZin9 (S g - OXygen ' ° ZOne ' nitrous oxide ^ etc ). or -dueig (e g dilute I; 
iZ? d T£T£™T S - Vdr ° 9 T' ^ ^ tem P erature is P- ferab 'V a -bient to 500OC. The chemical can also 
00701 Trf , SP T S SUCh 3S SUrfaCtants The total ex P° su ^ time is preferably from 0.01 min to 1 2 hours 

55 condlnl rhT me ? e T ° SG " treat6d 3 P ' aSma ' thS P ' aSma iS Conducted under the following 
air H T env ' r °" m ^t can be inert (nitrogen, CQ 2 , noble gases (He, Ar, Ne, Kr, Xe), etc.), oxidizing (e.g., oxygen 
f n * e ° Xy f" env »-°^ents, enriched oxygen environments, ozone, nitrous oxide, etc.), or reducing e.g dilute or 
concentrated hydrogen hydrocarbons (saturated, unsaturated, linear or branched, aromatics) etc ) The plasma o w 
.s preferably 0-10 W/c m 3. The temperature preferably ranges from ambient to 425°C. The p essure pStoSJSS 
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from 10 mtorr to atmospheric pressure. The total treatment time is preferably 0.01 min to 12 hours. 
[0071] Photocuring post-treatment may be conducted under the following conditions: the environment can be inert 
(e.g., nitrogen, C0 2 . noble gases (He. Ar. Ne, Kr ; Xe), etc.). or reducing (e.g. : dilute or concentrated hydrocarbons, 
hydrogen, etc.). The temperature is preferably ambient to 425°C. The power is preferably 0-10W/cm 3 . The wavelength 

5 is preferably IR, visible, UV or deep UV (wavelengths < 200nm). The total curing time is preferably 0.01 min to 12 hours. 
[0072] Microwave post-treatment may be conducted under the following conditions: the environment can be inert (e. 
g., nitrogen, C0 2 , noble gases (He, Ar, Ne, Kr, Xe), etc.), oxidizing (e.g., oxygen, air, dilute oxygen environments, 
enriched oxygen environments, ozone, nitrous oxide, etc.), or reducing (e.g., dilute or concentrated hydrocarbons, 
hydrogen, etc.). The temperature is preferably ambient to 500°C. The power and wavelengths are varied and tunable 

io to specific bonds. The total curing time is preferably from 0.01 min to 12 hours. 

[0073] Electron beam post-treatment may be conducted under the following conditions: the environment can be 
vacuum, inert (e.g., nitrogen, C0 2 , noble gases (He, Ar, Ne, Kr, Xe), etc.), oxidizing (e.g., oxygen, air, dilute oxygen 
environments, enriched oxygen environments, ozone, nitrous oxide, etc.), or reducing (e.g., dilute or concentrated 
hydrocarbons, hydrogen, etc.). The temperature is preferably ambient to 500°C. The electron density and energy can 

15 be varied and tunable to specific bonds. The total curing time is preferably from 0.001 min to 12 hours, and may be 
continuous or pulsed. Additional guidance regarding the general use of electron beams is available in publications 
such as: S. Chattopadhyay et al., Journal of Materials Science, 36 (2001) 4323-4330; G. Kloster et al., Proceedings 
of IITC, June 3-5, 2002, SF, CA; and U.S. Pat. Nos. 6,207,555 B1 , 6,204,201 B1 and 6,132,814 A1 . 
[0074] In certain embodiments of the present invention, the organosilicate films are porous. The average pore sizes 

20 within the porous film ranges from about 1 A to about 500 A, preferably from about 1 A to about 100 A, and most 
preferably from about 1 A to about 50 A. It is preferred that the film have pores of a narrow size range and that the 
pores are homogeneously distributed throughout the film. However, the porosity of the film need not be homogeneous 
throughout the film. In certain embodiments, there is a porosity gradient and/or layers of varying porosities. Such films 
can be provided by, e.g., adjusting the ratio of pore-former material to structure -former material during formation of the 

25 porous organosilicate film. The porosity of the films may have continuous or discontinuous pores. The porous films of 
the invention preferably have a density of 2.0 g/cm 3 or less, or alternatively, 1 .5 g/cm 3 or less, or 1 .25 g/cm 3 or less. 
Preferably, the porous films of the invention have a density at least 10% less, preferably at least 25% less, and more 
preferably at least 50% less than the density of the unexposed film. 

[0075] The porous films of the invention have a lower dielectric constant relative to the dense OSG materials. Dense 

30 OSG films has a dielectric constant ranging from 2.7 to 3.5 whereas porous OSG films of the invention have a dielectric 
constant of about 2.7 or below, preferably about 2.4 or below, and more preferably about 2.2 or below. 
[0076] In certain embodiments, the dense or porous OSG films of the invention are thermally stable, with good chem- 
ical resistance. In particular, the films after the UV exposure step have an average weight loss of less than 1 .0 wt %/ 
hr isothermal at 425°C under N2. 

35 [0077] The films are suitable for a variety of uses. The films are particularly suitable for deposition on a semiconductor 
substrate, and are particularly suitable for use as : e.g., an insulation layer, an interlayer dielectric layer and/or an 
intermetal dielectric layer. The films can form a conformal coating. The properties exhibited by these films make them 
particularly suitable for use in Al subtractive technology and Cu damascene or dual damascene technology. 
[0078] Because of their enhanced mechanical properties, the films are compatible with chemical mechanical planari- 

40 zation (CMP) and anisotropic etching, and are capable of adhering to a variety of substrate materials, such as silicon, 
Si0 2 Si 3 N 4 , OSG, FSG, silicon carbide, hydrogenated silicon carbide, silicon nitride, hydrogenated silicon nitride, silicon 
carbonitride, hydrogenated silicon carbonitride, boronitride, antireflective coatings, photoresists, organic polymers, po- 
rous organic and inorganic materials, metals such as copper and aluminum, and diffusion barrier layers such as but 
not limited to TiN, T1(C)N, TaN, Ta(C)N, Ta, W, or WN. 

45 [0079] The present invention also discloses a mixture for forming a dense or a porous OSG film having a dielectric 
constant of 3.5 or below suitable for exposure to UV light. The OSG film may be formed by a variety of deposition 
processes including CVD-related and spin-on-glass processes. For dense OSG films, the mixture comprises at least 
one structure-former precursor and/or resultant OSG film that exhibits an absorbance in the 200 to 400 nm wavelength 
range. For porous OSG films, the mixture may comprise from 5% to 95% by weight of a structure -former precursor 

so and from 5% to 95% by weight of a pore-former precursor wherein the at least one of the precursors and/or the orga- 
nosilicate film exhibits an absorbance in the 200 to 400 nm wavelength range. Depending upon the deposition process, 
such as for spin-on-glass deposition, the mixture may comprise additional additives, for example, a solvent, a catalyst, 
a surfactant, water, and the like. Additional additives to the mixture used for spin-on-glass deposition may be found, 
for example, in pending U. S. Patent Applications Attorney Docket No. 06336PUSA, which is commonly assigned to 

55 the assignee of the present invention and incorporated herein by reference in its entirety. 

[0080] The dielectric material and film of the present invention exhibit a substantial uniformity in composition. Com- 
positional uniformity describes a film property wherein the composition is relatively uniform with relatively little deviation 
in composition from the surface to the base of the film. A film that exhibits substantial uniformity in composition may 
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avoid problems associated with the formation of a "skin layer". For example, the use of UV light or electron beams 
dunng the exposing and/or treating steps may form a "skin layer" that is compositional.y different than the undeZS 
bulk Mm because the radiation sufficient to remove the pore-former material within the composite film may Z mol 
the structure-former material at the surface where the radiation flux is maximum * 
5 [0081] To enable comparisons, the result can be expressed as percent non-uniformity. Preferably the percent non- 
uniform^ » about 1 0% or less, more preferably about 5% or less, most preferably about 2% or .ess Compo ttZl 
unrformrty can be determined, for example, by using electrical measurements (e.g. 4-point probe) SIMS (Secondary 

W fi?m 8 h]c h Com P OSi,io " a ' uniformity is preferably measured using SIMS across a wafer substrate onto which the OSG 
him has been deposited. In one preferred method, SIMS measurements are made through the depth of the film For 
the ™ 7 "I qUeS, ' 0n ' tf \ edislribu,ion of ^at element through the film is then determined from the SIMS data and 
the resulting value expressed ,n intensity measured at a detector, which is related to its concentration in the film at any 
given depth. The values are then averaged, and the standard deviation determined V 
ST? F ° r f a th 9,Ven ° SG film ' compositional non-uniformity may be compared using the standard deviation divided 
by the sum of the maximum and minimum measured values, and the result expressed as a percentage For examofe 
if a dynamic SIMS depth of profile is performed at a single point for a given OSG film and the average S e 
Z "If* * 1 06 C0UntS witn a s < andard *V«.on of 1 .987 x 1 0^ counts, and the minimum intensity hrough 
U " 6 'Z VJ h" T maXimUm imenSity iS 13 X1 ° 6 C ° UnlS ' then the compositional non uniformity 

Ln i ZlV""l mm r Um and maXimUm ValU6S is 1 51 x 1 ° 6 ' the sta "dard deviation is 1 987 x 1 0* 

and 1 .987 x 1 0 4 divided by 1 .51 x 1 0 6 equals 0.8%. ' 

OSG L P ,M f h erred Va 'f ! °, f COmpositiona ' non-uniformity may vary depending on the amount of the element in the 
£ £ T; 11 T ement iS 1 9t ° miC % ° r 9reater ' the com Positional non-uniformity for the Si-containing film 

about 1 /o or less. Therefore, the compos.tional non-uniformity of the major elements within the OSG film i e silicon 

rOoS,"' ii d h r ° 9e h n ' and Carb ° n ' " 15% ° f ,6SS ' m ° re Preferab * 10% 0r ,ess ' most preferably 5% oTiess." 
[0085] Although the invention is particularly suitable for providing films and products of the invention are laraelv 
descnbed herein as films, the invention is not limited thereto. Products of the invention can be provided i^y S 

multlTof r r mUlt ; laminar aSSembHeS ' ° ther ° f ° bjeC,S ,hat are " ot "V P'an- or and" 

mo«S t ° bjeCtS t n0t nfcessanly used in integrated circuits. Preferably, the substrate is a semiconductor 

dP^SL 7 T il,UStrated m ° re deta " With reference t0 the followina examples, but it should be un- 
derstood that the present invention is not deemed to be limited thereto. 



20 



25 



30 



35 



EXAMPLES 



1 , L »f ?T ?! d6nSe and P ° r0US ° SG 9 ' 3SS fi,ms were formed via a Plasma enhanced CVD process usina an 
Applied Materials Precision-5000 system in a 200 mm DxZ vacuum chamber that was fitted with an Advance Energy 
200 rf generator from a variety of different chemical precursors and process conditions. Unless otherwise stated the 
40 ?'mo mS h Were ? eP0S ' ,ed ° nt0 ' 0W reSiS,iVity (R < 0 02 ° Cm > si,icon wa,ers - Th e CVD process geneSytnvoted he 
I Z^^ZT^JZ ! i Set " UP T f abili2ati0n °' 938 f '° WS " deP ° Siti0n ' and p ^evacua 9 tion of chamber pior 
IS T?, T * e tn,ckness and re1r * ct ™ index of each film were measured by reflectrometry using standard 
methods. The dielectnc constant of each film was determined using the mercury probe capacitanceTechnique on low 
res.st.vity p-type wafers (R < 0.02 ohm-cm). Mechanical properties were determined ulg a MTS "nS Indent™ 

mted wi,h T iT a ' P ° St ' treatment or annealin 9 was Performed in an Applied Test Systems, Inc. series 321 0 tube furnace 
fitted with 4 diameter purged quartz tube with a nitrogen purge ranging from 2 to 4 slpm. The ramp rate was 13°C per 

Z"cLZ! '° ^ V 2 T°' f,,mS W8re S ° aked f ° r 240 minUtSS The filmS ™ a »o-d to cZ to below 
1 00 C before removal from the furnace. 

50 [!Tl U R nleSS , °! he,WiSe D Stated ' UV eXP ° SUre WaS perior med using a Fusion UV model F305 ultraviolet lamp with 
The distant , "I' 7°° T *"* * "°" ^ ^ fr °m 200 to 450 nm 

LJIS Th irradiat ° r Unit 3nd thS Samp ' e iS a PP r oximately 3 inches. The samples were 

sub eld S 3 am8ter qUanZ PrOCSSS tUbS eqUipp6d With either ,he vacuu m orthe nitrogen purge. TheZs 
subjected to UV exposure were placed in a 2" diameter quartz glass tube with end caps capable of sealing to nifroqTn 

oTr to°, r ,V CUUm r amPl6S inV0 ' Vin9 3 VaCUUm ° r inSrt at mospheres, three pump and purge cycles were performed 
pnor to UV exposure to ensure that any oxygen concentrations within the sample tube were below 50 ppm Films ^em 
exposed to UV radiation for between 0 and 30 minutes. 
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Example 1 : Formation of a Dense OSG Film Using Diethoxymethyisilane (DEMS) and Triethoxysilane (TES) 

[0090] An organosilicate glass film was formed onto a silicon wafer via plasma enhanced chemical vapor deposition 
(PECVD) of the structure-former precursors DEMS (773 mg/min) and TES (773 mg/min) using C0 2 as the carrier gas 
5 at a flow rate of 500 seem. The deposition was performed at 6 torr, 600 W plasma power, and 400 milli-inch (mils) 
spacing between the top electrode and silicon wafer substrate. The wafer temperature during deposition was main- 
tained at 300°C. The deposition rate of the film was 540 nm/min. 

[0091] The properties of the OSG film after deposition (example 1a), after thermal anneal (example 1b), and after 
exposure to a UV light source (example 1c) are provided in Table I. As Table I illustrates, films 1b and 1c, which were 
10 thermally annealed and exposed to UV light respectively, exhibited a slight decrease in dielectric constant relative to 
example 1a or the as-deposited film. However, film 1c also exhibited a significant increase in hardness, or an approx- 
imately 23% increase in hardness, from example 1 a. Example 1 b, by contrast, exhibited an approximately 3% increase 
in hardness from example 1 a. Thus, the UV exposure step provides a significant improvement in the mechanical 
properties of the OSG glass film relative to thermal post-treatment while using milder processing conditions. 

15 

Example 2: Formation of a Dense OSG Films Using 1 ,3-dimethyl-1 ,3-diethoxy-disiloxane (MEDS) 

[0092] An organosilicate glass film was formed onto silicon wafer via PECVD of 700 mg/min of the structure-former 
precursor MEDS and C0 2 as the carrier gas at a flow rate of 250 seem. The deposition was performed at 6 torr, 600 
20 w plasma power, and 350 mils spacing. The wafer temperature during deposition was maintained at 250°C. The dep- 
osition rate of the film was 1330 nm/minute. 

[0093] The properties (i.e., thickness, refractive index, dielectric constant, and hardness) of the OSG film after dep- 
osition (example 2a), after thermal anneal (example 2b), and after exposure to a UV light source (example 2c) are 
provided in Table I. As Table I illustrates, both films 2b and 2c, which were thermally annealed and exposed to UV light 
25 respectively, exhibited a slight increase in dielectric constant relative to film 2a or the as-deposited film. However, 
example film 2c exhibited a significant increase, or approximately 96% increase, in hardness from example 2a. Example 
2b, by contrast, exhibited an approximately 14% increase in hardness from example 2a. Thus, UV exposure provides 
a significant improvement in the mechanical properties of the OSG glass film relative to thermal post-treatment using 
milder processing conditions. 

30 

Example 3: Formation of a Dense OSG Films Using Trimethylsilane (3 MS) 

[0094] An organosilicate glass film was formed onto silicon wafer via PECVD of 540 seem of the structure-former 
precursor 3MS and a flow rate of oxygen of 90 seem. The deposition was performed at 4 torr. 600 W plasma power, 
35 and 260 mils spacing. The wafer temperature during deposition was maintained at 350°C. The deposition rate of the 
film was 815 nm/minute. 

[0095] The properties (i.e., thickness, refractive index, dielectric constant, and hardness) of the OSG film after dep- 
osition (example 3a) and after exposure to a UV light source (example 3b) are provided in Table I. As Table I illustrates, 
the exposure of film 3b to UV light lowered its dielectric constant by 0.09 or 4% and increased its hardness by 0.59 
40 GPa or 47% relative to example 3a or the as-deposited film. Thus, UV exposure provides a significant improvement 
in the mechanical properties and of the OSG glass film relative to thermal post-treatment using milder processing 
conditions and with no negative effect on its dielectric constant. 



Table I: 



Film Properties for Various Dense OSG materials 


Example 


Precursor 




Thickness 
Loss (5%) 


Refractive 
Index 


Dielectric 
Constant 


Hardness 
(GPa) 


1a 


DEMS/TES 


As Deposited 


N/A 


1.425 


3.06 


1.85 


1b 


DEMS/TES 


Thermal 


0 


1.415 


3.03 


1.91 


1c 


DEMS/TES 


UV 


-3 


1.420 


2.97 


2.27 


2a 


MEDS 


As 


N/A 


1.415 


2.79 


0.70 


2b 


MEDS 


Thermal 


0 


1.371 


2.84 


0.80 


2c 


MEDS 


UV 


-10 


1.396 


2.85 


1.37 
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Film Prope 


i rties for Variou 


s Dense OSG materials 


Example 


Precursor 




Thickness 
Loss (5%) 


Refractive 
Index 


Dielectric 
Constant 


Hardness 
(GPa) 


3a 


3MS 


' As 


N/A 


1.445 


3.07 


1.25 


3b 


3MS 


UV 


0 


1.439 


2.98 


1.84 



10 



15 



20 



30 



35 



Example 4: Formation of a Dense OSG Film Using Dimethyldimethoxysilane (DMDMOS) 

[0096] An organosilicate glass film was formed onto a silicon wafer via PECVD of 1250 mg/min of the structure 
former precursor DMDMOS with 200 seem of a helium carrier gas and 15 seem of 02 as an addTive The ^deposition 
was performed at 1 2 torr, 300 W plasma power, and 300 mils spacing. The wafer temperature dunng deposftion was 
maintained at 350°C. The deposition rate of the film was 110 nm/minute 9 aepos,t,on was 

[0097] The properties of the OSG film after deposition (example 4a) and after exposure to a UV light source (examole 

0 1 or^Furthe'r 1 Tuv " iNUS,rateS ' ^ UV ?°^™« '—red the dielectric constant of teZby 

tlZ ?■ , ■ Post-treatment improved the modulus and hardness of the film by 5.7 GPA and 0 94 GPa 

respectively, or approximately 270% and 274%, respectively. ' 

Example 5: Formation of a Dense OSG Film Using Dimethyldimethoxysilane (DMDMOS) 

pSso^ T IT"' ° nt0 3 Si " COn ^ 6r Via PECV ° " 750 m 9 /min ° f the structure-former 

precursor DMDMOS with 200 seem of a helium earner gas. The deposition was performed at 12 torr 500 W plasma 

o^T/f^ 

[0099] The properties of the OSG film after deposition (example 5a) and after exposure to a UV light source (examole 

LLTuretoU^I. The UV^ T '! N,UStrateS ' die ' eCtriC C ° nStant °< ^aiedTpon 

exposure to UV light. The UV post-treatment increased the dielectric constant by 0.32 or 1 5% and improved the modulus 

and hardness of the film by approximately 207% and 170%, respectively. It is not unexpected t al suct dramatic 
improvement m the film hardness are accompanied by increases in the dfe.ectric constant of the m. wSe S 
of change ,n the refractive index of the film suggests that the materia, density is not changed appreciably by UV expo 
sure, ,t ,s believed that additional bonds such as Si-C-Si bonds that contribute positively to the Wm hardnVss may a£o 
have a negative impact on the dielectric constant. s may also 



40 



45 



Table II. 



Comparisc 


>n of Propertie 


s of Dense DMDMOS OSG Films Before and After UV Exposure 


Example 


Precursor 




Thickness 
Loss 


Refractive 
Index 


Dielectric 
Constant 


Modulus 
(GPa) 


Hardness 
(GPa) 


4a 


DMDMOS 


As 

Deposited 


N/A 


1.387 


2.75 


3.36 


0.54 


4b 


DMDMOS 


UV 


-11% 


1.351 


2.65 


9.06 


1.48 


5a 


DMDMOS 


As 

Deposited 


N/A 


1.452 


3.07 


14.77 


2.50 


5b 


DMDMOS | 


UV 


-8% 


1.451 


3.39 


30.62 


4.25 



55 



so Example 6: Effect of Deposition Temperature on Dense DEMS OSG Films 

DPMS 1 foT™ h T fi ' mS f ° rmed ° nt ° SiHCOn Waf6rS Vla PECVD USin 3 1 ' 50 ° m 9 /min ° f structure-former 
to ™ ? Um 85 the carner 9 as ' and250 s eem 0O 2 as an additive. The deposition was performed at 6 

425«C AZrof th^T ^ temperatUre ^ de ^°» was vahe'd 7mm 1 50 o 

425 C. A portion of the as-deposited films was thermally annealed at 375°C, 400°C, and 425°C for 4 hours under a 
nitrogen atmosphere. Other as-deposited films were exposed to UV light for 15 minutes in a vacuum alosphere S iN 
other as-deposited f.lms were thermally annealed at either 375°C or 400°C for 4 hours each under a nitrogen Los 
phere and then exposed to UV light for 1 5 minutes in a vacuum atmosphere. 
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[0101] The properties of the resultant films are provided in Table III. The relationship between hardness and dielectric 
constant for the as-deposited, thermal treated, and UV exposed DEMS OSG films at each deposition temperature is 
provided in Figure 2. 

[0102] Referring to Table 111 and Figure 2, the deposition temperature has a significant effect on the resultant prop- 

5 erties of the film. There is a direct relationship between the substrate temperature at which film deposition occurs and 
the dielectric constant and hardness of the film. The deposition temperature also influences the magnitude of the 
changes in film properties that can be affected by post treatment steps such as thermal annealing and UV exposure. 
For example, DEMS OSG films deposited at temperatures <300°C can exhibit substantial changes in dielectric con- 
stant, refractive index, and hardness upon thermal annealing. This may be due to residual alkoxy groups within the 

10 as-deposited films that are not removed during the deposition process. Both thermal anneal and UV exposure post- 
treatments lower the dielectric constant for DEMS OSG films deposited <300°C. The dielectric constants of the films 
deposited at temperatures <300°C are generally decreased to a greater extent by UV exposure versus thermal an- 
nealing. However, the thermal anneal post-treatment is slightly more effective than UV treatment for improving the 
modulus and hardness for films deposited <300°C. 

15 [0103] Films deposited at temperatures >300°C exhibit only small changes in either their dielectric constant or hard- 
ness after thermal annealing. This may be because thermally labile species such as alkoxy groups within the DEMS 
precursor chemical are removed during the deposition process when the substrate temperature is >300°C. Conse- 
quently, there is little change in either the refractive index, dielectric constant, or hardness for these films upon thermal 
post-treatment. However, UV exposure is still effective at increasing the mechanical strength of these films while main- 

20 taining or decreasing the dielectric constant. Figure 2 illustrates that there is a substantial improvement in modulus 
and hardness upon UV exposure for films deposited above 300°C. In this regard, films deposited at temperatures 
below 300°C did not show a regular relationship between dielectric constant and hardness whereas films deposited 
above 300°C displayed a linear relationship between dielectric constant and hardness. 

[01 04] The most dramatic results were observed on OSG films wherein UV exposure is preceded by a thermal anneal 
25 at 400°C . I n these films, the increase in hardness is more substantial with only a slight increase in the dielectric constant. 
Reducing the temperature of thermal anneal temperature to 375°C, lessens the increase in hardness but maintains or 
decreases the dielectric constant. It is believed that this may be attributable to the major loss of alkoxy groups at a 
temperature ranging from 375°C to 400°C. The removal of the alkoxy groups may allow the films to be more receptive 
towards hardness enhancement by exposure to UV radiation. 

30 

Table III: 



35 



40 



Comparison of Deposition Temperature on Dense DEMS OSG Films 


Deposition 
Temp. 




Thickness 
Loss 


Refractive 
Index 


Dielectric 
Constant 


Modulus 
(GPa) 


Hardness . 
(GPa) 


150°C 


As 
Deposited 


N/A 


1.433 


3.06 


3.07 


0.48 


150°C 


Thermal 
(375°C) 


-1% 


1.395 


N/A 


N/A 


N/A 


150°C 


Thermal 
(400°C) 


-1% 


1.403 


N/A 


N/A 


N/A 


150°C 


Thermal 
(425°C) 


-4% 


1.384 


2.79 


5.34 


0.94 


150°C 


Thermal 
(375°C) + 
UV 


-16% 


1.398 


2.82 


12.18 


1 .93 


150°C 


Thermal 

(400°C) + 
UV 


-16% 


1.400 


2.77 


11.97 


2.03 


150°C 


UV 


-6% 


1 .397 


2.69 


4.49 


0.72 


200°C 


As 
Deposited 


N/A 


1.432 


2.96 


4.99 


0.86 


200°C 


Thermal 
(375°) 


-1% 


1.395 


N/A 


N/A 


N/A 
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Table 111: (continued) 







Comparison of Deposition Temperature on Dense DEMS OSG Films 


5 


Deposition 
Temp. 




Thickness 
Loss 


Refractive 
Index 


Dielectric 
Constant 


Modulus 
(GPa) 


Hardness 
(GPa) 




200°C 


Thermal 
(400°) 


-1% 


1403 


N/A 


N/A 


N/A 


10 


200°C 


Thermal 


-2% 


1.402 


I 2.81 


5.33 


0.92 




200°C 


Thermal 
UV 


-5% 


1402 


j 2.79 


7.48 


1.19 


15 


200°C 


Thermal 

(400°C) + 
UV 


I D/o 


1 411 


2.87 


15.10 


2.49 




200°C 


UV 


-1% 


1.417 


j 2.83 


4.78 


0.80 


20 


250°C 


Ac 

Deposited 


M/A 

N/A 


1 411 


I 3.00 


5.55 


0.84 




250°C 


Thermal 
V 0 ' 0 ) 


-1% 


1.414 


N/A 


N/A 


N/A 


25 


250°C 


Thermal 
(400°) 


-1% 


1.423 


N/A 


N/A 


N/A 




250°C 


Thermal 
(425° C) 


-1% 


1 408 


2.90 


7.42 


1.30 


30 


250°C 


Thermal 
(375°C) + 
UV 


-5% 


1.395 


2.92 


8.19 


1.33 


35 


250°C 


Thermal 
(400°C) + 
UV 


-1 R% 


■4 A OO i 


3.03 


22.66 


3.2 




250°C 


UV 


-1% 


1.413 | 


2.85 


7.51 


\ .^y 


40 


300°C 


As 
Deposited 


N/A 


1 .433 


3.00 


10.30 


1.80 




300°C 


Thermal 
(375°) 


-1 /o 


1 .420 I 


N/A 


N/A 


N/A 




300°C 


Thermal 
p uu ) 


-1% 


1 .427 I 


N/A 


N/A 


N/A 


45 


300°C 


Thermal 


I/O 


1 .430 I 


3.01 


10.90 


1.94 




300°C 


Thermal 
(375°C) + 
UV 


-2% 


1 .420 j 


2.99 


11.68 


1.90 


50 


300°C 


Thermal 
(400°C) + 
UV 


-12% 


1.419 


3.21 


25.48 


3.56 




300°C 


UV 


-1 % 


1.407 | 


2.99 


12.58 


2.15 


55 


350°C 


As 
Deposited 


N/A 


1 .440 | 


3.12 


1543 


2.65 
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Tabic III: (continued) 





Comparison of Deposition Temperature on Dense DEMS OSG Films 


5 


Deposition 
Temp. 




Thickness 
Loss 


Refractive 
Index 


Dielectric 
Constant 


Modulus 
(GPa) 


Hardness 
(GPa) 




350°C 


Thermal 
(375°) 


0% 


1.440 


N/A 


N/A 


N/A 


10 


350°C 


Thermal 
(400°) 


0% 


1.433 


N/A 


N/A 


N/A 




350°C 


Thermal 


0% 


1 .442 


3.09 


15.93 


2.68 


15 


350°C 


Thermal 
(375°C) + 
UV 


-2% 


1.442 


3.05 


18.33 


2.87 




350°C 


Thermal 
(400°C) + 
UV 


-8% 


1 .462 


3.28 


28.96 


4.00 


20 


350°C 


UV 


-2% 


1.446 


3.05 


17.78 


2.94 




425° C 


As 
Deposited 


N/A 


1.479 


3.34 


26.05 


4.17 


25 


425° C 


Thermal 

1 1 IUM II C4 1 

(375°C) 


0% 


1 .461 


N/A 


N/A 


N/A 




425° C 


Thermal 
(400°C) 


0% 


1.475 


N/A 


N/A 


N/A 




425° C 


Thermal 


0% 


1.479 


3.32 


26.61 


4.18 


30 


425° C 


Thermal 
(375°C) + 
UV 


-2% 


1.472 


3.30 


31.73 


4.54 


35 


425° C 


Thermal 

(400°C) + 
UV 


-3.5% 


1.473 


3.42 


33.50 


4.76 




425° C 


UV 


-2% 


1.474 


3.27 


30.09 


4.59 



Examples 7 and 8: Formation of a Dense OSG Film Using 1 ,3,5,7-Tetramethylcyclotetrasiloxane (TMCTS) at various 
substrate temperatures 



[0105] Organosilicate glass films were formed onto a silicon wafers via PECVD of 750 mg/min of the structure-former 
precursor TMCTS with 500 seem of a helium carrier gas. The depositions were performed at 6 torr, 300 W plasma 
power, and 320 mils spacing. The wafer temperature during deposition was maintained at 350°C or 425°C. The dep- 

45 osition rate of the film was 990 nm/minute at 350°C and 710 nm/min at 425°C 

[0106] The properties of the TMCTS OSG films after deposition (examples 7a and 8a) and after exposure to a UV 
light source (examples 7b and 8b) are provided in Table IV. The substrate temperature during the deposition process 
has a direct effect on the hardness of the TMCTS films. Additionally, a lower dielectric constant is obtained with a higher 
subslrate temperature, indicating clearly that the overall film properties of TMCTS- based OSG materials may improve 

50 as the temperature of the substrate is raised. Comparing these same films after UV exposure (examples 7b and 8b), 
the dielectric constants, mechanical modulus, and hardness are nearly identical. This suggests that the UV exposure 
step may be modifying the chemical structure of the OSG film such that the direct relationship between dielectric 
constant and hardness is optimized. The degree of reorganization required is illustrated by the thickness loss of the 
film. When the deposition temperature is 350°C, the film loses 9% thickness upon exposure to UV light; whereas when 

55 the deposition temperature is 425°C the film thickness decreases by only 3%. 

[01 07] Depending on the application , OSG films used as interlayer dielectric materials can be deposited on a variety 
of substrates. Because many substrates such as polymeric materials may lose their material integrity at semiconductor 
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10 



15 



20 



25 



processmg temperatures, or for thermal budget reasons, it may be advantageous to expose the OSG film to UV because 

The data ,n Tab e V illustrates that an mterlayer dielectric material deposited at a lower temperatures can be modified 
by exposure to UV radiation to dramatically improve its overall properties. This change is obtained at modesHemper 
atures and without the addition of chemica. precursors, and thus, is applicable to a wide variety of aprons 



Table IV: 



Comj 
minul 


Darison of TM 
tes under vac 


CTS Dense 
uum). 


OSG Films deposited at various temperatures before and after UV exposure (15 


Ex. 


Precursor 




Deposition 
Temperature 


Thickness 
Loss (%) 


Refractive 
Index 


Dielectric 
Constant 


Modulus 
(GPa) 


Hardness 
(GPa) 


7a 


TMCTS 


As Dep'd 


350°C 


N/A 


1.385 


3.03 


6.75 


1.10 


7b 


TMCTS 


UV 




-9 


1.396 


2.91 


10.49 


1.78 


8a 


TMCTS 


As Dep'd 


425° C 


N/A 


1.388 


2.86 


9.07 


1.49 


8b 


TMCTS 


UV 




-3 


1.402 


2.93 


10.50 


1.74 



30 



35 



40 



^^^^^^ 1 - Ne ° heXyM ■3,5,7-tetramethy l -cyc l otetrasi,oxane 

former o^^N^A^JS^T " SiNC ° n Vta PECV ° ° f 5 °° mg/min of the ^mcture/pore 

8 Z aoo w 1 o« 2 35 Carner 933 31 3 f '° W rate of 200 sccm ' The deposition was performed at 

Ll; , P P ° Wer ' 8nd 300 milS SpaCin9 ' The wafer temperature during deposition was maintained at either 
280°C (examples 9a, 9b, and 9c) or350°C (examples 10a, 10b, and 10c). The deposition rate oH^e lm was 625 nm/ 
minute for the films deposited at 280»C and 420 nm/minute for films deposited at 350°C 

ensure tTJZ^tf ^ TaT' deP ° Siti ° n (SXamp,e 9a) ' after thermal anneal »>. and after 

thTr^n! I y hght source (example 9c) are provided in Table V. As Table V illustrates, films 9b and 9c which were 

9a Z Z fZT exp ° Sed 10 UV " 9ht res P ective| y- exhibite d a change in dielectric constant relative toexampte 
har^l e *P. e ™ d a " '"crease in dielectric constant, it also exhibited a significant increase in modZ and 

hardness, or approx.mate.y 91 % and 137%, respectively, from examp.e 9a. Example 9b, by contrast Exhibited an 
decrease m modulus and hardness compared with example 9a. Thus, the UV exposure step provides a Scant 
^^^r^ Pr0Perti6S ° f ^ ° SG 9laSS f " m " » -rmaUtreatmeTi u^gmS 
[01 10] The Properties of the OSG film after deposition (Example 1 0a) after thermal anneal (Example 1 0b) and after 

were S t U he e rm^ " .T^ <EXamP ' e 1 ° C> ^ * Table V ' AS Tab ' 6 V illuSt ^ LlXl^Oo l^ 

cZZTTTr T and eXP ° Sed 10 UV Mgnt res P ectivel V. b°th exhibited a slight increase of 0 06 in dielectric 
constant relative to examp.e 10a. However, fi.m 10c exhibited a significant increase in modulus and Zr^eToTan 
approximately 57% and 88% increase in hardness, from example 10a. Example 10b, by contrast exhibited ah aoo ox 
?™lt lZ™ fe T " m ° d f U,US and a PP™ im ^'y 7.8% increase in hardness from example foa. Thus Z^v 
exposure step provides a s.gnif ,cant improvement in the mechanical properties of the OSG glass film relative to Zrm^ 
post-treatment while using milder processing conditions. ™e glass f.lm relat.ve to thermal 



45 



50 



55 
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Example 11: Formation of a Porous OSG Film Using Neohexyl-diethoxymethylsilane (NH-DEMS) 

[01 1 1 ] An organosilicate glass film was formed onto a silicon wafer via PECVD of 500 mg/min of the structure/pore 
former precursor NH-DEMS with 150 seem of a helium carrier gas. The deposition was performed at 10 torr, 400 W 
plasma power and 300 mils spacing. The wafer temperature during deposition was maintained at 250°C. The depo- 
sition rate of the film was 200 nm/minute. 

[0112] The properties of the OSG film after deposition (example 11 a) : after thermal annealing (example 11b) and 
after exposure to a UV light source (example 11c) are provided in Table VI. The dielectric constant of the thermally 
annealed film decreases by 0.05 or 3%. Likewise, its mechanical modulus and hardness decrease by 0.62 GPa or 
19% and 0.08 GPa or 18%, respectively. Conversely, exposure of the film to a UV light source raises each of the 
dielectric constant by 0.07 or 3%, modulus by 1 0.03 GPa or 305%, and the hardness by 1 .97 GPa or 338% Thus UV 
exposure provides for significant enhancement of the mechanical properties of the film at milder process conditions 
and with only a small increase in the dielectric constant. 

Example 12: Formation of a Porous OSG Film Using Neohexyl-diethoxymethylsilane (NH-DEMS) 

[01 1 3] An organosilicate glass film was formed onto a silicon wafer via PECVD of 500 mg/min of the structure/pore 
former precursor NH-DEMS with 150 seem of a helium carrier gas. The deposition was performed at 8 torr, 500 W 
plasma power and 400 mils spacing. The wafer temperature during deposition was maintained at 250°C. The depo- 
sition rate of the film was 240 nm/minute. 

[01 14] The properties of the OSG film after deposition (example 12a) and after exposure to a UV light source (example 
12b) are provided in Table VI. As Table VI illustrates, the UV post-treatment improved the modulus and hardness of 
the film by approximately 206% and 236%, respectively, whereas the dielectric constant increased by only 6%. 

Table VI: 



Comparisc 


>n of NH-DEM 


S Porous OSG Films before and after UV exposure (15 minutes under vacuum). 


Example 


Precursor 




Thickness 
Loss (%) 


Refractive 
Index 


Dielectric 
Constant 


Modulus 
(GPa) 


Hardness 
(GPa) 


11a 


NH-DEMS 


As 

Deposited 


N/A 


1.437 


2.61 


3.29 


0.45 


11b 


NH-DEMS 


Thermal 


-3 


1.391 


2.56 


2.67 


0.37 


11c 


NH-DEMS 


UV 


-26 


1.385 


2.68 


13.32 


1.97 


12a 


NH-DEMS 


As 

Deposited 


N/A 


1.436 


2.70 


4.88 


0.66 


12b 


NH-DEMS 


UV 


-23 


1.391 


2.81 


14.93 


2.22 



40 Example 1 3: Formation of a Porous OSG Film Using Diethoxymethylsilane (DEMS), Triethoxysilane (TES) and Aloh 
terpinene (ATRP) " p 



a- 



45 



50 



55 



[0115] An organosilicate glass film was formed onto a silicon wafer via PECVD of 210 mg/min of a 50/50 mixture of 
the structure-former precursors DEMS and TES, 490 mg/min of the pore-former ATRP, 200 seem of C0 2 and 25 seem 
0 2 . The deposition was performed at 8 torr, 600 W plasma power, and 350 mils spacing. The wafer temperature during 
deposition was maintained at 300°C. The deposition rate of the film was 275 nm/minute. 

[0116] The properties of the OSG film after deposition (example 13a), after thermal anneal (example 13b) and after 
exposure to a UV light source (example 13c) are provided in Table VII. As Table VII illustrates, both the thermal and 
UV post-treatment lowered the dielectric constant. However, the UV post-treatment lowered the dielectric constant by 
a greater degree, approximately 25% compared to the thermal post-treatment which lowered the dielectric constant 
bye approximately 12%. Further, the UV post-treatment increased the modulus and the hardness of the film by ap- 
proximately 2% and approximately 10%, respectively, whereas the thermal post-treatment decreased the modulus and 
the hardness of the film by approximately 41 % and 26% respectively. The UV exposure step clearly provides superior 
properties compared to the thermal post-treated films at milder conditions. 
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Example 14: Deposition of Porous OSG Films Using Structure-former 1 ,3-dimethyl-1 ,3-diethoxy-disiloxane (MEDS) 
and Pore Former alpha-terpinene (ATRP) 

[01 1 7] An organosilicate glass film was formed onto a silicon wafer via PECVD of 400 mg/min of the structure-former 
5 precursor MEDS, 600 mg/min of the pore-former precursor ATRP with 250 seem of a C0 2 carrier gas. The deposition 
was performed at 8 torr, 600 W plasma power, and 350 mils spacing. The wafer temperature during deposition was 
maintained at 300°C. The deposition rate of the film was 280 nm/minute. 

[0118] The properties of the OSG film after deposition (example 14a), after thermal annealing (example 14b), and 
after exposure to a UV light source (example 14c) are provided in Table VII. As Table VII illustrates, the UV post- 

10 treatment increased the hardness of the film by approximately 46% compared to approximately 1% increase in the 
thermal annealed film. Further, the UV post-treatment step increased the modulus of the film by approximately 37% 
whereas the thermal annealing post-treatment step decreased the modulus by approximately 4%. 
[0119] Figure 3 provides the IR absorption spectrum for each film. As Figure 3 illustrates, at the 1160-1180 nm 
wavelengths, the absorbance attributed to Si-O bonding progresses from a double-peak in the as-deposited and ther- 

15 mally annealed films to a single peak with a slight shoulder for the UV-exposed film. This may be attributed to the effect 
that the UV exposure has on the network of the porous OSG film. 



Table VII: 



30 



35 



Film Properties for various Porous OSG materials 


Example 


Precursor 




Thickness 
Loss (%) 


Refractive 
Index 


Dielectric 
Constant 


Modulus 
(GPa) 


Hardness 
(GPa) 


13a 


DEMS/ 
TES/ATRP 


As 
Deposited 


N/A 


1.482 


3.00 


8.17 


1.00 


13b 


DEMS/ 
TES/ATRP 


Thermal 


0 


1.351 


2.77 


5.79 


0.74 


13c 


DEMS/ 
TES/ATRP 


UV 


-8 


1.345 


2.51 


8.30 


1.10 


14a 


MEDS/ 
ATRP 


As 
Deposited 


N/A 


1.421 


2.76 


6.62 


1.06 


. 14b 


MEDS/ 
ATRP 


Thermal 


0 


1.397 


2.72 


6.37 


1.07 


14c 


MEDS/ 
ATRP 


UV 


-7 


1.386 


2.75 


9.08 


1.55 



Example 15: Deposition of Porous OSG Films Using Diethoxymethylsilane (DEMS) and Alpha-terpinene (ATRP) 



[0120] An organosilicate glass film was formed onto a silicon wafer via PE-CVD of 210 mg/min of the structure-former 
precursor DEMS, 490 mg/min of the pore-former precursor ATRP, with 200 seem of a C0 2 carrier gas and 25 seem of 
an oxygen additive. The deposition was performed at 8 torr, 750 W plasma power, and 350 mils spacing. The wafer 
temperature during deposition was maintained at 300°C. The deposition rate of the film was 460 nm/minute. 
[0121] The properties of the OSG film after deposition (example 15a), after thermal annealing (example 15b), and 
after exposure to a UV light source (example 15c) are provided in Table VIII. As Table VIII illustrates, both the thermal 
and U V post-treatment lower the dielectric constant but U V exposure lowers the dielectric constant to a greater degree. 
UV exposure improved the modulus and hardness of the film whereas thermal annealing decreased the modulus and 
hardness. Thus, U V exposure clearly provides a superior combination of a lower dielectric constant and h igher hardness 
compared with the thermally annealed sample at relatively milder s process conditions. 

[0122] Figure 4 provides the UV/visible absorption spectrum of the as-deposited porous DEMS/ ATRP film. As figure 
4 illustrates, this material has an appreciable absorption in the region of the spectrum between 190 and 280 nm. The 
structure of the spectrum clearly indicate two distinct maxima : the first of which is centered at approximately 268 nm, 
and the second at 1 93 nm. The lower energy absorption is likely from the ATRP pore-former precursor, while the higher 
intensity and energy absorption likely arises from the DEMS network forming precursor. 

[0123] Figure 5 provides the I R absorption spectrum of the as-deposited porous DEMS/ ATRP film, Example 15a, as 
well as that of the film exposed to a UV light source, Example 1 5c. As Figure 5 illustrates, at the 1 1 60-1 1 80 nm wave- 
lengths, the absorbance attributed to Si-O bonding progresses from a double-peak in the as-deposited and thermally 
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annexed films to a angle peak w„h a shght shoulder for the UV-exposed film. This may be attributed to the effect that 
the UV exposure has reducing the Si-O bonding associated with cage-like structures and introducing a higher degree 
of network-like Si-O bonds that are reflected in the increased hardness 9 



Table VIII: 



Comparisc 


>n of Propertie 


>s of Various Porous OSG Films Before and After UV Exposure 


Example 


Precursor 




Thickness 
Loss 


Refractive 
Index 


Dielectric 
Conslant 


Modulus 
(GPa) 


Hardness 
(GPa) 


15a 


DEMS/ 
ATRP 


As 
Deposited 


N/A 


1.482 


2.98 


3.74 


0.48 


15b 


DEMS/ 
ATRP 


Thermal 


-2% 


1.363 


2.55 


3.17 


0.40 


15c 


DEMS/ 
ATRP 


UV 


-11% 


1.345 


2.29 


4.73 


0.57 



Examples 16 and 17: Effect of Thermal Treatment Pre- and Post-UV Exposure 



[01 24] A porous DEMS-based OSG film was deposited by PE-CVD followed by thermal anneal at 425°C and/or UV 
exposure. Precursors DEMS (210 mg/min), aTRP (490 mg/min), an oxygen additle (25 seem), and Cojca^gases 

Si ^Tlr 6 ^ UC6d int ° deP ° Siti0n Chamb6r and dep0Sited With P ,asma P° wer " 600W, spac^g of 350 
mils and a chamber pressure of 8 torr. The wafer temperature was 300«C. The deposition rate was 240 nm/min The 
m property of the as-deposited film (example 16a), thermal annealed film (example 16b), thermal anneated then 
UV exposed him (example 1 6c), and UV exposed film (example 1 6d) are provided in Table IX 

[01 25] A porous DEMS-based OSG film was deposited by PE-CVD followed by thermal anneal at 425°C and/or UV 

r2 X 0 P 0 OS s U cc e m r reCUrS T H EM ! ( T° aTRP (49 ° m9/min) ' an ° Xyae " ^ < 25 ~">. a- Co'camefgLes 

(200 seem) were mtroduced mto the deposition chamber and deposited with plasma power of 450W spacing of 350 
mils and a chamber pressure of 6 torr. The wafer temperature was 300»C. The deposition rate was 1 75 nm/min The 
m properties o the as-deposited film (example 17a), thermal annealed film (example 17b), thermal annexed Ion 

i^p^ 

[01 26] Examples 1-15 have shown that UV exposure is superior to thermal annealing for both lowering the dielectric 

oSZ^lT 9 > « mat6 ^ hardnSSS ln 3 Sin9le t processing step for both dens^ and porous 

OSG matenals. Examples 1 6 and 1 7 Hlustrate that thermal annealing and exposure to a UV light source can be used 
in sequence to improve the properties of porous OSG films to an even greater degree than U V exposure a^one ^n 
part,cular ,t should be noted that films subjected to thermal annealing a.one, examples 16b and 1 17b exh bited « d i 
crease ,n material hardness by 9% and 11%, respect^ely, relative to the as-depostted films On the oTher hand the 
mechanical hardness of examples 16d and 17d was observed to increase by 5% and 7%, respect vely retet^e to the 
as-deposited films. Comparing examples 1 6b with 1 6d and 1 7b with 1 7d il.ustrates again that exposure o UV rTd at on 
s a superior me hod for both increasing the hardness and decreasing the dielectric constant of porous OSG h.ms 
E„7 H a , mP I" 16C ^ 1?C demonstrate that the use ° f thermal annealing and UV exposure steps in sequence 
can be used to enhance the material properties to an even greater degree than UV exposure alone The resX cleanv 

HahTtre a nnance 0rOUS °f G ^ " St '" treatment ^TreTuV 

light to enhance .ts materials properties. Conversely, a film exposed to UV light is stable to thermal annealing as 
evidenced by the similarity between examples 17d and 1 7e. ye io mermai annealing, as 



Table IX: 



Comparisc 


>n of Properties 


of Various Porous OSG Films Before and After UV Exposure 


Example 


Precursor 




Thickness 
Loss (5%) 


Refractive 
Index 


Dielectric 
Constant 


Modulus 
(GPa) 


Hardness 
(GPa) 


16a 


DEMS/ 
ATRP 


As 
Deposited 


N/A 


1.458 


2.74 


5.87 


0.86 


16b 


DEMS/ 
ATRP 


Thermal 


0 


1.350 


2.48 


4.89 


0.74 
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Table IX: (continued) 



Comparison of Properties of Various Porous OSG Films Before and After UV Exposure 


Fxamole 


Precursor 




Thickness 
Loss (5%) 


Refractive 
Index 


Dielectric 
Constant 


Modulus 
(GPa) 


Hardness 
(GPa) 


16c 


DEMS/ 
ATRP 


Thermal +■ 
UV 


-10 


1 .354 


2.40 


7.42 


1.07 


1 6d 


DEMS/ 
ATRP 


UV 


-4 


1 .338 


2.44 


6.64 


0.90 


1 7a 


DEMS/ 
ATRP 


As 

Deposited 


N/A 


1 . 


2.79 


4.89 


1 .05 


17b 


DEMS/ 
ATRP 


Thermal 


0 


1.366 


2.61 


5.87 


0.93 


17c 


DEMS/ 
ATRP 


Thermal + 
UV 


-6 


1.348 


2.57 


3.74 


1.55 


17d 


DEMS/ 
ATRP 


UV 


-3 


1.339 


2.56 


3.17 


1.12 


17e 


DEMS/ 
ATRP 


UV + 
Thermal 


-4 


1.331 


2.55 


4.73 


1.03 
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Example 18: Deposition of Porous OSG Films Using Diethoxymethylsilane (DEMS) and Alpha-terpinene (ATRP) 

[0128] Exemplary porous OSG films were formed onto a silicon wafer via PE-CVD of 210 mg/min of the structure- 
former precursor DEMS, 490 mg/min of the pore-former precursor ATRP, with 200 seem of a C0 2 carrier gas and 25 
seem of an oxygen additive. The deposition was performed at 8 torr, 750 W plasma power, 350 mils spacing, and a 
liquid flow of 675 mg/min. The wafer temperature during deposition was maintained at 300°C. The deposition rate of 
the film was 460 nm/minute. 

[0129] The films were exposed to ultraviolet light under either a vacuum atmosphere of about 5 millitorr (example 
18a) or under a nitrogen atmosphere having a flow rate of 800 seem at ambient pressure (example 18b). Figures 6a 
and 6b provide the dielectric constant and refractive index versus UV exposure time for examples 18a and 18b, re- 
spectively. 

[01 30] Figures 6a and 6b show that the exposure to UV light removes the pore-former precursor ATRP under either 
the vacuum or nitrogen atmosphere at ambient pressure within the first couple of minutes of exposure. This is shown 
by the drop in both dielectric constant and refractive index for both exemplary films 18a and 1 8b. 
[0131] Examination of the infrared spectra in Figure 9 shows a dramatic decrease in the C-H x absorption region near 
2900cm* 1 after the first minute of UV exposure. However, there is noticeably little change in other regions of the spec- 
trum after one minute of UV exposure Further, there was observed minimal film shrinkage evident during the pore- 
former removal process. 

[01 32] Figure 7 and Table X show that the mechanical hardness of the film decreased by approximately 1 0% within 
the first couple of minutes of UV exposure in a vacuum atmosphere. It was observed that the onset of film hardening 
occurs under continued exposure to UV light after 2 minutes, or after removal of the pore-former precursor, and satu- 
rates after approximately 15 minutes for the lamp power and spectral output configuration. 

[0133] Referring to Figures 8 and 9, the IR spectra also confirm evidence of the hardening process shown in Figure 
9 upon removal of the pore-former precursor. An evolution of the Si-O region from a double peak to a single major 
peak with a shoulder occurs during initial UV exposure. The two areas of the Si-O region (11 30crrr 1 and 1060cm" 1 ) 
are typical of cage-like and networked silicate, respectively. Increase in the former may be characteristic of a silicate 
doped with terminal groups, whereas increases in the latter may be more typical of a highly networked oxide. The 
evolution of the OSG film from a cage-to-network silicate is typical for processes that increase the mechanical strength. 
Further Figures 8 and 9 also show decreases in methyl stretching and bending modes as well as loss of Si-H. 
[01 34] The chemical composition determined by x-ray photoelectron spectroscopy for an exemplary OSG 1 8a films 
after 1 minute and 15 minutes exposure under vacuum are provided in Table XI. The data shows that the carbon 
concentration decreases by 48% within the first minute of UV exposure consistent with the loss of the pore-former 
precursor from the film. However during the hardening process, there is little change in the overall composition of the 
film despite the 100% increase in hardness and modulus. It is believed that these increases are a result in a change 
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to the structure of the film. Hydrogen concentration (not shown) may also decrease significantly. Consequently it is 
believed that the major gas species evolved from UV exposure between 1 and 15 minutes are hydrogen-containing 

SpOCIGS. 



Table X: 



w 



15 



20 



25 



30 



Change in film properties for Exemplary OSG film 1 8a deposited from DEMS and ATRP upon exposure to UV lioht 
under vacuum. ' y 



inner ^oeconasy 


Refractive Index 


Dielectric 
Constant 


Modulus (GPa) 


Hardness (GPa) 


Thickness Loss 


0 


1.444 


2.86 


6.91 


1.01 


M/A 
IN/ A 


15 


1.438 


2.73 


6.79 


1 .00 


U 


30 


1.358 


2.56 


5.88 


0 Q1 


U 


45 


1.344 


2.49 


6.01 




-1 


60 


1.344 


2.50 


6.29 


1.02 


-2 


75 


1 .344 


2.48 


7.13 


1.16 


-3 


90 


1.350 


2.49 


6.29 


0.92 


-4 


105 


1.342 


2.51 


6.59 


1.03 


-4 


120 


1.350 


2.49 


8.11 


1.27 


-4 


150 


1.347 


2.51 


7.38 


1.16 


-4 


300 


1.363 


2.56 


9.47 


1.52 


-9 


600 


1.360 


2.62 


8.7 


1.42 


-9 


900 


1.373 


2.64 


12.2 


1.9 


-12.5 


1200 


1.380 


2.72 


11.8 


1.9 


-12.5 



Table XI: 



Properties of DEMS// 
after 15 minutes (afte 


VTRP films after UV exposure under vacuum for 1 minute (after generation of porosity) and 
r film hardening). 




Silicon 


Oxygen 


Carbon 


Formula 


As-Deposited 


30.3 


38.7 


31.8 


Si0 127 C 


1 min. UV 


35.3 


47.7 


17 


S'O 134 C 05 


15 min. UV 


36.4 


50 


13.6 


Si0 1 37 C 037 



35 



40 



45 



50 



55 



Example 19: Effect of Atmosphere during UV Exposure on Properties of OSG Films 

[0135] The prior art (US 2003/00541 15-A1) provides examples in which UV exposure under oxygen atmosphere is 
more effective at enhancing the mechanical strength of porous HSQ and MSQ films. Furthermore, there was negligible 
negative effect on the dielectric constant when UV exposure was performed under oxygen. This differs considerably 
from experiments on dense and porous OSG films deposited from DEMS and DEMS + ATRP. 

[0136] An exemplary porous OSG film was formed onto a silicon wafer via PE-CVD of 173 mg/min of the structure- 
former precursor DEMS, 402 mg/min of the pore-former precursor ATRP, with 200 seem of a C0 2 carrier gas and 25 
seem of an oxygen additive. The deposition of the DEMS/ATRP film was performed at 8 torr, 750 W plasma power and 
350 mils spacing. The wafer temperature during deposition was maintained at 300«C. The deposition rate of the film 
was 340 nm/minute. 

[0137] Figure 10 and Table XIII illustrates the effect of atmosphere on dielectric constant during UV exposure The 
dielectric constant of the as-deposited DEMS/ATRP film was 2.8. The DEMS/ATRP film was subjected to U V exposure 

™^ te r? Under 80 atmosphere to P rovlde a P° rous DEMS/ATRP film. The dielectric constant of the porous 
DEMS/ATRP film after UV exposure in an air atmosphere was 4.8. 
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[0138] Dense organosilicate glass films deposited from DEMS or trimethylsilane were exposed to UV light under 
differing atmospheres. The dense DEMS film was deposited in a manner similar to the films in example 6. The dense 
trimethylsilane film (3MS) was formed onto a silicon wafer via PE-CVD of 600 seem 3MS and 100 seem 0 2 . The 
deposition of the 3MS films film was performed at 4 torr. 750 W plasma power, and 280 mils spacing. The wafer 
5 temperature during deposition was maintained at 350°C. The deposition rate of the film was 600 nm/minute. The 
dielectric constant of the 3MS film was 3 and the hardness was 1 .3 GPa. The results of UV exposure are provided in 
Table XII. 

[0139] Table XII shows that the dielectric constant increases dramatically with exposure time for both dense OSG 
films deposited from DEMS or for 3MS films. However, the dielectric constant for the 3MS film remained relatively 
10 constant after 600 seconds of exposure to UV light in a vacuum atmosphere. 



Table XII: 



15 



Change in film properties for dense OSG films when exposed to UV light under air. 


Film 


Time (seconds) 


Atmosphere 


Refractive Index 


Dielectric Constant 


Thickness Loss (%) 


DEMS 


0 


N/A 


1.429 


2.75 


N/A 


DEMS 


300 


Air 


1.421 


3.30 


0 


DEMS 


600 




1.423 


3.39 


0 


DEMS 


1200 


it 


1.419 


3.65 


0 














3MS 


0 


N/A 


1.445 


2.95 


N/A 


3MS 


300 


Air 


1.441 


3.65 


0 


3MS 


600 




1.448 


3.90 


0 


3MS 


1200 




1.435 


4.45 


0 


3MS 


600 


Vacuum 


1.439 


2.98 


0 



Table XIII: 



Change in film properties for porous OSG films when exposed to UV light under air. 


Film 


Time (seconds) 


Atmosphere 


Refractive Index 


Dielectric Constant 


Thickness Loss (%) 


DEMS + ATRP 


0 


N/A 


1.495 


2.86 


N/A 


DEMS + ATRP 


300 


Air 


1.525 


4.79 


-13 



40 Example 20: Compositional Uniformity of the DEMS/ATRP OSG Films 

[0140] Exemplary porous OSG films were formed onto a silicon wafer via PE-CVD of 210 mg/min of the structure- 
former precursor DEMS, 490 mg/min of the pore-former precursor ATRP, with 200 seem of a C0 2 carrier gas and 25 
seem of oxygen. The deposition was performed at 8 torr, 750 W plasma power, 350 mils spacing, and a liquid flow of 
45 675 mg/min. The wafer temperature during deposition was maintained at 300°C. The deposition rate of the film was 
460 nm/minute. 

[0141] Dynamic SIMS depth of profile analysis of the OSG films, as deposited and after exposure to a UV light source 
at 1 minute and at 15 minutes, was conducted using an cesium ion gun at 2.5 kev to determine the compositional non- 
uniformity of the silicon, oxygen, carbon, and hydrogen within each film through detection of negative species at various 
so points throughout the thickness of the film. The dynamic SIMS data is provided in Figures 11a through 11c. The thick- 
ness of the as-deposited film, the film exposed to UV light for 1 minute, and the film exposed to UV light for 15 minutes 
was 1 micron, 980 nm, and 890 nm, respectively. The percentage of compositional non-uniformity for the OSG film 
after deposition, after exposure to UV light for 1 minute, and after exposure to UV light after 15 minutes is provided in 
Figures 1 1 a through 1 1 c. 

55 [0142] Table XIV shows that the percentage of compositional non-uniformity as calculated using the standard devi- 
ation for a variety of different SIMS measurements taken throughout each film. As Figures 11a through 11c illustrate, 
the substantially flat profiles of the silicon, oxygen, carbon, and hydrogen elements contained therein show that the 
composition is substantially uniform throughout the thickness of the film. The upward spike in the data at the bottom 
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of the film was attributable to interfacial effects. [ 



Table XIV: 



10 



15 



20 



25 



30 



Percentage of Compositional Non-Uniformity 


% Uniformity 


H 


C 


O 


Si 


As-deposited 


3.5064 


3.2662 


6.2764 


1.6829 


After 1 min. UV 


1.1669 


0.8641 


1.2081 


1.1438 


After 15 min, UV 


0.9569 


0.7892 

- 


0.7610 


10811 



Example 21: Deposition of Octamethylcyclotetrasiloxane (OMCTS) Film 

XV tZhu, r J! ^w' 96 ' n m ° dUlUS and hardness of th * film after UV exposure are provided in Table 



Table XV. 



Film properties af 


ter exposure to UV 


light for the time durations shown. 


UV Exposure 
Time (minutes) 


Thickness (nm) 


Thickness Loss 
(%) 


Dielectric 
Constant 


Modulus (GPa) 


Hardness (GPa) 


0 


930 




3.0 


13.8 


2.3 


1 


920 


-1 


N/A 


15.4 


2.6 


5 


870 


-6.5 


N/A 


22.0 


3.4 


10 


860 


-7.5 


N/A 


24.6 


3.5 


15 


850 


-8.6 


N/A 


24.4 


3.5 


30 


820 


-11.8 


N/A 


31.3 


4.1 



40 Claims 

1 ' prLT 8 imPr ° Ving 3 materia ' hSrdneSS an 6laS,iC m ° dUlUS ° f an -ganosilicate film, the process com- 



45 



55 



depositing the organosilicate film onto at least a portion of a substrate via chemical vapor deposition of an at 
least one chemica reagent comprising a structure-former precursor to provide the organosUicate Z haX 
a first material hardness and a first elastic modulus- and nosu.caie mm naving 

exposing the organosilicate film to an ultraviolet radiation source within a non-oxidizing atmosphere to orovide 

m e t3r:f ate filn vr in9 a second materiai hardness and a s ° c °»« ^T w z^7e z 

2. The process of claim 1 further comprising treating the organosilicate film with at least one energy source. 

3. The process of claim 2 wherein the treating step occurs during a. least a portion of the exposing step. 

4 ' IlZ7s\:^. 2 Wh6rein ^ ' eaSt 6ner9y — h6atS the -9-osilicate film to a temperature 
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5. The process of claim 1 wherein the temperature of the organosilicate film during the depositing step ranges from 
25 to 450 C C. 

6. The process of claim 5 wherein the temperature of the organosilicate film during the depositing step ranges from 
5 250 to 450°C. 

7. The process of claim 1 wherein the depositing step involves one or more processes selected from the group 
consisting of thermal chemical vapor deposition, plasma enhanced chemical vapor deposition, cryogenic chemical 
vapor deposition, chemical assisted vapor deposition, hot-filament chemical vapor deposition photo-initiated 

w chemical vapor deposition, and combinations thereof. 

8. The process of claim 7 wherein the forming step is plasma enhanced chemical vapor deposition. 

9. The process of claim 1 wherein the ultraviolet light has one or more wavelengths of about 400 nm or below. 

15 

10. The process of claim 1 wherein the ultraviolet light has one or more wavelengths of about 300 nm or below. 

11. The process of claim 1 wherein the ultraviolet light has one or more wavelengths of about 200 nm or below. 

20 12. The process of claim 1 wherein the non-oxidizing atmosphere contains at least one gas selected from the group 
consisting of nitrogen, hydrogen, carbon monoxide, carbon dioxide, helium, argon, neon, krypton, xenon, radon., 
and combinations thereof. 

13. The process of claim 1 wherein the non-oxidizing atmosphere comprises a vacuum. 

25 

14. The process of claim 13 wherein the pressure ranges from 0.005 millitorr to 5000 torr. 

15. The process of claim 1 wherein the at least one chemical reagent further comprises a pore-former precursor. 

30 1 6. The process of claim 1 5 wherein the dielectric constant of the organosilicate film after the exposing step is at least 
5% less than the dielectric constant of the organosilicate film before the exposing step. 

17. The organosilicate film prepared by the process of claim 1 . 

35 18. The organosilicate film of claim 17 having a compositional non-uniformity of about 10% or less. 

19. A method for improving a material hardness and an elastic modulus of a porous organosilicate film deposited by 
chemical vapor deposition represented by the formula Si v O w C x H y F z , where v+w+x+y+z = 100%, v is from 10 to 
35 atomic%, w is from 1 0 to 65 atomic% 5 x is from 5 to 30 atomic% : y is from 1 0 to 50 atomic%, and z is from 0 

40 to 1 5 atomic%, the method comprising: 

providing a substrate within a vacuum chamber; 

introducing at least one chemical reagent comprising a structure-former precursor selected from the group 
consisting of an organosilane and an organosiloxane and a pore-former precursor into the vacuum chamber; 
45 applying energy to the at least one chemical reagent in the vacuum chamber to induce reaction of the reagent 

to deposit a composite film comprised of a pore-former material and a structure-former material on at least a 
portion of the substrate; and 

exposing the composite film to an ultraviolet light source within a non-oxidizing atmosphere to provide a porous 
organosilicate film wherein the material hardness and the elastic modulus of the porous organosilicate film 
so after the exposing step are higher than the material hardness and the elastic modulus of the the composite 

film before the exposing step and wherein the porous organosilicate film is substantially free of Si-OH bonds. 

20. The method of claim 19 further comprising heating the porous organosilicate film wherein the heating step is 
conducted prior to the exposing step. 

55 

21 . The method of claim 1 9 wherein the organosilane is at least one memberf rom the group consisting of methylsilane, 
dimethylsilane, trimethylsilane, tetramethylsilane, phenylsilane, methylphenylsilane, cyclohexylsilane, tert-butylsi- 
lane, ethylsilane, diethylsilane.. tetraethoxysilane, dimethyldiethoxysilane, dimethyldimethoxysilane, dimethyl- 
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22. 



23. 



SnT2^r;? e . ,hy ' di ! th r ySilane ' ,riethox V stone methylirie.hoxysi.ane, .rimethylphenoxysilane. phenoxysi- 
Snations thereof d,eth ° XySi ' ane "iacetoxymethylsi.ane, me.hyl.rie.hoxysi.ane, di-tert-Stylsilane and com- 

The method of claim 1 9 wherein the organosiloxane is at least one member from the group consisting of 1 3 5 7-te- 
T^S^T^- ° Ctame,h V^'ote.rasi,oxane hexamethylcydotrisi.oxane" hexamefhy d si£ e 
1 , 1 ,2,2-tetramethyldis.loxane, octamethyltrisiloxane, and combinations thereof. 

ir r ,L m t eth ° d ° f °^ im 19 Wh6rein thG P° re - former Precursor is at least one member from the group consisting of 
ch?n. r ene i T"!' CyC,ohexane ' 1.2.4-trimethylcyclohexane, 1 ,5-dimethyM .S-cycLcfaS cam 
Sron^nhthT 8ne . ^^stituted dienes, gamma-terpinene, alpha-pLne. be.a-pinene decaT- 

dronaphthelene, and combinations thereof. H"«*'», aecany 

« 24 ' Jo h und e,h0d ° f C ' aim 1 9 Wh6rein P ° re - ,0rmer ? recure ° r and ^ structure-former precursor are the same com- 

25. |he me, hod of claim 24 wnerein tne compound js a , |east one member from consisting of Uneohexvi . 

i^n.^^^ 5 ^^^ di - neoh -V.-diethoxysi,ane, 1 ^bisfdietho'xys'yOcylcohexane and com- 
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25 



30 



35 



binations thereof. 

26. The method of claim 1 9 wherein the substrate is heated during at .east a portion of the exposing step. 

27. The method of claim 1 9 wherein the applying step is conducted at a temperature of about 250°C or greater. 

28. The organosilicate film prepared by the method of claim 1 9. 

29. The organosilicate film of claim 28 having a compositional non-uniformity of about 1 0% or less. 

30. A mixture for depositing an organosilicate film comprising a dielectric constant of 3.5 or below the mixture com 
pnsmg at .east one structure-former precursor selected from the group consisting of an organol .anTand an or -" 
ganosiloxane and a pore-former precursor wherein at least one precursor and/or the organosSe «.m exhibte 
an absorbance in the 200 to 400 nm wavelength range. u*"'caie "im exnioits 

31. A mixture for depositing an organosilicate film, the mixture comprising: from 5 to 95% by weight of a structure 
former precursor se.ected from the group consisting of an organosi.ane and an organosiloxane and f om 5 to 95y 
by we,ght of a pore-former precursor wherein at least one of the precursors and/or the organosol Z exhtoii 
an absorbance in the 200 to 400 nm wavelength range. *>"'caie rum exnioits 

40 M ' prising" 83 ^ Pr9Parin9 & 9 °™ S ° r9anosilicate film havin 9 a dielectric constant of 2.7 or less, the process com- 

IZln^Th?? C ° mprisin 9 a structure-former material and a pore-former material onto at least a 
eli lu W ° r9anOSiliCate fMm h8S 8 ,irSt dielectric constant . » «** ^rdness, and a firs, 

exposing the film to at least one ultraviolet light source within a non-oxidizing atmosphere to remove at least 
a portion of the pore-former materia, contained therein and provide the porous organosilicate f Z where i the 

aTwL3r Cate riri-T 3 S6COnd di8leCtriC C ° nStant ' 3 SeC ° nd hardneSS ' and a s — d elTsI m " u s 
and wherein the second dielectric constant is at least 5% less than the first dielectric constant the second 

heating the organosilicate film wherein the heating step is conducted prior to the exposing step. 

33. The process of claim 32 wherein the forming step is conducted at a temperature of about 250°C or greater. 

34. The process of claim 32 wherein the organosilicate film is represented by the formula Si O C H F where 

^rs^tom ic? , T f T 10 n° 35 W * ^ 1 ° * 65 at0miC% * iS f ™ 5 *> 30^1 y is from 

10 to 50 atomic 0 ^ and z is from 0 to 15 atomlc%. ,y 



45 



55 



28 



BNSDOCID: <EP 1 457583A2_I_> 



EP 1 457 583 A2 

35. The process of claim 32 wherein the organosilicate film has one or more bond types selected from the group 
consisting of silicon-carbon bonds, silicon-oxygen bonds, silicon-hydrogen bonds, and carbon-hydrogen bonds. 

36. The process of claim 32 wherein the organosilicate film has a compositional non-uniformity of about 1 0% or less. 

5 

37. An organosilicate film prepared by the process of claim 32. 
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FIG. 1a 
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FIG. 1c 
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